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ABSTRACT

The pharmaceutical cocrystal of an active pharmaceutical ingredient with
GRAS or non-GRAS compounds offers an opportunity to develop a new drug product
with improved physicochemical properties. Pharmaceutical cocrystal exhibits better
physicochemical properties such as solubility, stability, dissolution, melting point,
crystal habit, compressibility, friability etc. without altering the biological activity of
drug compounds. In the last two decades, numerous research activities have been
carried out to develop the new drug products of BCS Class Il and BCS Class 1V drug
ingredients by cocrystallization techniques. The result showed remarkable increment in
the solubility and dissolution rate of BCS Class Il and IV drug ingredients.

In this context, a series of active pharmaceutical ingredients have been chosen
for the present work which is having poor or high aqueous solubility and permeability.
All the active ingredients chosen in the study are screened for salt/cocrystallization
experiments by crystal engineering approach with various GRAS and non-GRAS
compounds. Solution crystallization and liquid-assisted grinding approach are followed
for the cocrystallization experiments. The newly synthesized salts/cocrystals were
characterized by various spectroscopic (FT-IR, NMR, and UV-Vis), thermal (DSC and
TGA), and PXRD techniques. The crystal structure of the synthesized salts/cocrystals
were determined by SC-XRD techniques. Aqueous solubility (equilibrium solubility)
was measured for the cocrystal/salt of BCS class Il drug by UV-Vis spectroscopy and
compared the results with API alone. In all the five series, the stability of the
synthesized salts/cocrystals were evaluated. In some cases, hygroscopicity study at
accelerated humidity condition was performed to demonstrate the non-hygroscopicity
of the synthesized cocrystal/salt. In few cases, isostructurality of the synthesized
salt/cocrystal was described based on the SC-XRD analysis. Further, in one chapter
DFT calculations were performed for the synthesized salt/cocrystal to support the
crystal structure data determined from the SC-XRD analysis.

Keywords: Crystal Engineering, Pharmaceutical cocrystal, cocrystal, salts,

supramolecular synthon, isostructurality, stability
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In this chapter, a brief introduction to Supramolecular chemistry, Crystal
engineering, and the concepts of Pharmaceutical cocrystal and its advantages are
discussed. In addition, a detailed literature review on pharmaceutical cocrystal, scope,
and objectives of the current research work have been incorporated in the present

chapter.

1.1 SUPRAMOLECULAR CHEMISTRY

Supramolecular chemistry or chemistry beyond the molecule is the study of the
chemistry of intermolecular bond and it is based on the mutual recognition of
molecules. Organic molecules recognize each other through a complex combination of
geometrical and chemical factors and the complementary relationship between
interacting molecules is characteristic of the recognition process. Molecules interact
with each other through their dissimilarities rather than their similarities. It was stated
by the noted chemist Pauling. The complementary relationship between shapes and
chemical functionalities are thus important in the area of supramolecular chemistry.

In the year1806, Humphry Davy isolated crystals of chlorine hydrate and
identified it as a loose addition compound of chlorine and water. It was probably the
first multi-component crystal that was specifically characterized and thus the origin of
supramolecular chemistry has begun at least 200 years back. In the year 1948 H.M.
Powell described clathrates of hydroquinone in terms of their network structures. The
supramolecular hypothesis is formally said to have begun in the year1896 by Emil
Fischer on the work of enzyme functioning. Fischer related the working of an enzyme
to the action of a ‘key in a lock’. The enzyme (lock) needs a small molecule (key) to
make it work (open the lock). Hence only a particular key can be used to open the
particular lock. A lock without a key is of no use and vice versa. This principle is called

as the lock-and-key principle as shown in the Figure 1.1.
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Enzymes changes shape
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Figure 1.1: Lock and key model.
Supramolecular chemistry has been defined as ‘chemistry of molecular

assemblies and of intermolecular bond’ by Jean-Marie Lehn and he received Nobel
Prize for his work on supramolecular chemistry in the year 1987. Other definitions
include the ‘chemistry of non-covalent’ and ‘non-molecular chemistry’. Originally
supramolecular chemistry was defined in terms of the non-covalent interactions
between a ‘host’ and a ‘guest’ molecule. J. D. Dunitz stated that a molecular crystal is
the best example of a supramolecular entity. Accordingly, one can argue that crystal
engineering, which is the design of crystalline solids is the supramolecular equivalent
of organic synthesis. A polymorph can be taken as a supramolecular equivalent of a
structural isomer, as supramolecular reaction involves crystallization. The table below
gives the analogies between molecular and supramolecular chemistry (Table 1.1).

Table 1.1: Analogies between molecular and supramolecular chemistry.

Molecular chemistry Supramolecular chemistry
Atom Molecule
Covalent bond Intermolecular bond
Molecule Crystal
Synthesis Crystal Engineering
Synthon Supramolecular synthon
Isomer Polymorph
Transition state Nucleus
Reaction Crystallization
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Supramolecular chemistry extends beyond the field of atomic and molecular
chemistry to afford highly complex and well defined supramolecular components. It
emphasizes intermolecular interactions in the self-assembly of molecules governed by
their geometrical and chemical factors. Intermolecular interactions include hydrogen
bonding, n-n stacking, coordinative bonds, dipole-dipole interaction and van der Waals
forces. These non-bonded interactions play a major role in the structure and function of
biological systems such as protein folding and enzyme systems. A hydrogen bond is
the most significant intermolecular interactions and is fundamental to the stability of
double helix structure of DNA, which is the best-known self-assembly of
supramolecular entity in nature. The table below (Table 1.2) is the strength of different
non-covalent interactions in terms of kJ/mole.

Table 1.2: Strength of different non-covalent interactions.

Intermolecular interaction Strength (kJ/mol)
lon-ion 100-350
lon-dipole 50-200
Hydrogen bond 4-120
Dipole-dipole 5-50
n-n stacking <50
Van der Waals <5

Supramolecular chemistry is one of the most vigorous and fast-growing fields
of chemical endeavor in the last few decades. Its interdisciplinary nature has led to
wide-ranging collaborations between physicists, theorists, computational modelers,
crystallographers, inorganic and solid-state chemists, synthetic organic chemists,
biochemists, and biologists.

1.2 CRYSTAL ENGINEERING

Crystal engineering can be defined as ‘the understanding of intermolecular
interactions in the context of crystal packing and the utilization of such understanding
in the design of new solids with desired physical and chemical properties’. This
definition is now widely used was first given by Prof. Desiraju in his pioneering book
on ‘Crystal Engineering’ (Desiraju et al. (2011)).

During the last three decades, the field of crystal engineering has attracted a

varied group of scientists especially crystallographers and chemists. The concept of
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crystal engineering was first introduced by Ray Pepinsky in the year 1955 and it was
implemented by Gerhard M. J. Schmidt in the context of solid state photochemical
reactions. He has clearly established the link between structure and reactivity in the
solid-state structure for a series of photodimerizable alkenes. Consider an example of
substituted trans-cinnamic acid (2+2) photocycloaddition reaction to cyclobutanes as
shown in the figure (Figure 1.2). He found that crystal packing of the molecules within
the crystal lattice provides an excellent spatial control on the initiation and progress of
the solid-state organic reaction. Cinnamic acid does not undergo dimerization in a
solution state, even if they do the overall conversion to dimer is low. In solid state

reaction, conversion efficiencies are high and regiospecificities of the products are clear

and decisive.
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Figure 1.2: Photocycloaddition reaction of Trans-cinnamic acid.
Substituted cinnamic acid crystallizes in three forms namely a, B and y forms.
a and P forms react in a (2+2) manner to give cyclobutanes when irradiated in the solid
state whereas y form is photostable. Schmidt assumed that reactivity in the solid state

takes place with a minimum of atomic and molecular movement, the topochemical
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principle. Accordingly, the formation of mirror symmetry truxinic acid from B-
cinnamic acid and the inversion symmetry truxillic acid from the a-cinnamic acid
becomes intuitively obvious.

Schmidt’s work revealed that physical and chemical properties of the crystalline
material are dependent on the packing of the molecules within the crystal lattice. Thus,
the ultimate aim of crystal engineering is to pre-design the solid-state components based
on the knowledge of molecular structure. The field of crystal engineering has matured
into an interdisciplinary scientific area with a wide range of applications in the area of,
Drug design, Sol-Gel and inorganic polymers, Nanoparticles, Solid state chemical
reactions, Monocrystalline thin films, Self-assembled thin films, Liquid crystals, lonic
liquids, Protein crystallization, Polymer chemistry, Co-ordination polymers,
Photochromism, and Green chemistry applications.

Furthermore, the physicochemical properties that are associated with crystal
engineered material can be exploited in many areas such as host-guest chemistry
(Beatty, A.M (2003), organic semiconductor (Wurthner et al. (2006)), nonlinear optics
(Lin et al. (2002)), Photographic materials (Hwang et al. (2003)), oregano gels (Ghosh
et al. (2005)) and solid-state organic chemistry (Zaworotko et al. (2007)).

1.2.1 Special role of hydrogen bond

Hydrogen bond is called as the master key interaction of molecular recognition
and it is the most suitable toolkit for crystal engineer. It is having both strong and
directional nature. As crystal engineering mainly concentrates on the non-bonded
interactions, hydrogen bonding plays an important role in the design of new crystalline
materials. George Jeffrey from the university of Pittsburg, USA has done a life time
study of hydrogen bonding and classify them as a very strong, strong and weak
hydrogen bonding according to the energy of interaction. Weaker hydrogen bonds play
an important role in structure stabilization and it can be significant when large numbers

are present. A typical example of hydrogen bonding is as shown below (Figure 1.3).

Department of Chemistry, NITK 5



CHAPTER 1

o Hydrogen
bonds
-

Figure 1.3: Hydrogen bonding in the water molecule.

A hydrogen bond can be represented as an interaction between a donor X-H and
an acceptor Y-Z, the hydrogen bonding then represented as X-H:--Y-Z with three dots
signifying the hydrogen bond. Where X and Y are electronegative non-metals like F, O
and N. It was known that a small amount of covalent character exists in hydrogen
bonding, due to the fact that a shifting of stretching frequency of the X-H bond to the
lower frequency side was observed in the infrared spectrum. This bathochromic shift
or the weakening of X-H bond can be taken as an indication of the covalent bond
character in hydrogen bonding. Generally, it was observed that the hydrogen bond of
the form X-H---Y-Z, the distance between the elements X and Y are much shorter than
their sum of the Van der Waals radii. The X-Y distance is referred as D and Hto Y is
taken as d. Hydrogen bonding is always tended towards linearity i.e., X-H--Y bond
angle tend towards 180°. However, this linear geometry is not always possible in crystal
structures, as it’s the result of a compromise between many intermolecular interactions
of different strengths, bond angle and the distance dependence characteristics.
Depending on the elements X and Y, various distance ranges were observed in
hydrogen bonding as shown in the table (Table 1.3) with examples.

Very strong hydrogen bonding is formed between a strong acid and a good
hydrogen bond acceptor as in the case of [HF2], a strong hydrogen bond is formed
between neutral donor molecules and neutral acceptor molecules via lone pairs. Strong
hydrogen bonds do not have a linear geometry, they however found to be slightly bent.
Weak hydrogen bonds are formed between unconventional donors and acceptors such
as C-H groups, the n-systems of aromatic rings or alkynes or even transition metals and

transition metal hydrides.
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Table No 1.3: Hydrogen bonding distance of various X and Y elements.

Hydrogen bonds, X-H:--Y-Z
Strength Examples | X-Y (D, A) | H~Y (d, A) | X-H-Y (6°)
Very strong X-H~H-Y | [F-H-F] 2.2-2.5 1.2-1.5 175-180
O-H--O-H 2.6-3.0 1.6-2.2 145-180
O-H--N-H 2.6-3.0 1.7-2.3 140-180
Strong X-H<H--Y N-H:-O=C 2.8-3.0 1.8-2.3 150-180
N-H---O-H 2.7-3.1 1.9-2.3 150-180
N-H---N-H 2.8-3.1 2.0-25 135-180
Weak X-H<<H--Y C-H--O 3.0-4.0 2.0-3.0 110-180

1.2.2 Supramolecular synthon

Prof. Gautam Desiraju in the year 1995 proposed the idea of supramolecular
synthon, which plays a role similar to that played by Corey’s synthon in organic
synthesis. The pivotal idea was to define an organic crystal structure as a network. This
network consists of nodes (molecules) and node connections (interactions). A simple
example for a network like crystal structure is hydrogen cyanide (HCN). It consists of
a linear sequence of HCN molecules linked with C-H--*N=C hydrogen bonds. Here the
node is HCN molecules and the node connection is the Hé+---N3- interaction. The C-
H---N=C hydrogen bond is called as supramolecular synthon and it may be dissected in
the same way as a molecular synthon dissected in organic synthesis.

A supramolecular synthon was defined by Desiraju as “sub-structural unit in a
molecular crystal that can be assembled with known or conceivable synthetic operations
involving intermolecular interactions.” The concept of supramolecular synthon was
extended by Zaworotko into two distinct categories.

i. Supramolecular homosynthon

It is the result of intermolecular interactions between identical self-

complementary functional groups such as carboxylic acid dimers and amide dimers as

shown in the Figure 1.4.

Figure 1.4: (a) Supramolecular acid-acid homosynthon (b) supramolecular amide-
amide homosynthon.
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ii. Supramolecular heterosynthon
It is the result of intermolecular interactions between two or more different but

complementary functional groups such as carboxylic acid-amide and carboxylic acid-

aromatic pyridine synthons as shown in the Figure 1.5.

a) b)

Figure 1.5: (a) Supramolecular amide-acid heterosynthon (b) supramolecular acid-

pyridine heterosynthon.
The most commonly observed synthon consists of a few functional groups held
together by strong and fairly directional interactions. Commonly observed synthons are

shown in the Figure 1.6.
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Figure 1.6: Commonly observed synthons in crystal engineering.

Department of Chemistry, NITK 8



CHAPTER 1

1.3 MOLECULAR ADDUCTS

A molecular adduct is defined as the product of direct addition of two or more
different components, and the resulting single reaction products containing all the
atoms of all the components added. The resultant product is considered as a distinct
molecular species. Example include the formation of sodium percarbonate from
hydrogen peroxide and sodium carbonate. Molecular adducts mainly classified into
three different categories namely salt, cocrystal, and multi-component crystal.

1.3.1 Salt

Generally, salts are ionic compounds that are formed by the neutralization
reaction between an acid and a base. It is composed of related numbers of cations
(positively charged ions) and anions (negatively charged ions) so that the product is
electrically neutral. These component ions can be inorganic (like chlorides and
bromides) or organic (like acetate) and can be monoatomic (fluorides) and polyatomic
(sulfates). In general, salt formation can be represented as,

A + B-H——» (A-H)'B"

The salt formation has been the primary aim to modify the physicochemical
properties of an Active Pharmaceutical Ingredient (API). Approximately 50% of the
drugs in the market is administered as salts. Its success and stability depend on the
strength of acid or base and the acidity and basicity constant of the components
involved. The general thumb rule for the formation of salt is that the acid ionization
constant, pKa between acid and base should differ by at least two or three units. Salt
formation of an API traditionally being used to improve the drug solubility and drug
dissolution rates. Apart from this, the physical properties that can be altered by salt
formation is,

» Melting point
Thermal behavior
Hygroscopicity
Crystal habit
Particle size

Polymorphic behavior

YV V. V V VYV V

Stability and Purity
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An example of the formation of pharmaceutical API salt is the formation of
salbutamol sulfate (Figure 1.7). Salbutamol is a short-acting B2-adrenergic receptor
agonist and has been used for the relief of bronchospasm in conditions such as asthma
and chronic obstructive pulmonary disease since 1968 onwards.

o™

Figure 1.7: The formation of the pharmaceutical salt salbutamol Sulfate.

1.3.2 Cocrystal
The meaning of the term cocrystal has been debated in the crystallography field.

A simple definition of cocrystal can be defined as,

I. Compounds made from neutral molecules,

ii. Constructed from reactants that are solids at ambient conditions,

iii. Structurally homogenous crystalline materials that contain at least two

different neutral building blocks with a well-defined stoichiometry.

In 1844 Friedrich Wohler reported first cocrystal ‘quinhydrone’, which is a
cocrystal of quinone and hydroquinone. He found that the material was made up of a
1:1 molar combination of the components quinone and hydroquinone as shown in the
figure below (Figure 1.8). Quinhydrone was analyzed by numerous research groups in
next decades and synthesized several related cocrystals made from halogenated
quinones. Many cocrystals were discovered in the late 1800 and throughout the 1900s,

some were accidentally and others by screening methods.

Figure 1.8: Cocrystal structure of quinhydrone (Cocrystal of quinone with
hydroquinone).
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In cocrystal, the components interact via non-bonded interactions such as
hydrogen bonding, ionic interactions, Van der Waals interactions, and n-interactions.
The cocrystal that is formed via intermolecular interactions can exhibit different
physical and chemical properties that of properties of individual constituents. Properties
include melting point, solubility, chemical stability and mechanical properties.

The major difference between salt and cocrystal is that in salt, there will be a
transfer of protons whereas in cocrystal there is no proton transfer. The general rule for
the formation of salt or cocrystal is based on ApKa (pKa (base)-pKa (acid)) values of
the constituent components. If the ApKa value is less than -1, then there will be a
negligible proton transfer and the resulting compound will be a cocrystal. If the ApKa
value greater than four, there will be a complete proton transfer and the resulting
compound will be a salt (Sekhon B.S. (2009)). If the ApKa value lies between -1 and 4,
then there is a possibility of forming either salt or cocrystal. The figure below shows

the distinction between the various solid forms of API (Figure 1.9).
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® = Solvent molecule | EESB/ENE = Protonated/mprotonated & = Coformer /
molecule

Figure 1.9: Comparison of different solid forms.

Cocrystal engineering is useful in the production of energetic materials,
pharmaceuticals, and other materials. Off these, the most widely used and studied
application is in the field of drug development. In the last few decades, research in the
field of cocrystal has been enhancing mainly due to the application in the field of

pharmaceutical industry. Changing the physical properties of APl by cocrystal
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formation can greatly influence the solubility and bioavailability of the drug. The
principle idea for the preparation of cocrystal is to develop superior physicochemical
properties of the APl without changing the bioactivity of the molecules.

Prof. Desiraju and Dunitz had a debate for the term cocrystal and co-crystal.
Desiraju considers co-crystal to be scientifically suspect whereas Dunitz notes that it is
not perfect and it is irrevocably established. Later both of them agreed that cocrystal
without a hyphen is undesirable. Subsequent to this Aakerfy and Salmon in
CrystEngComm highlight posed a question ‘what is a co-crystal’? With characteristic
features that are suitable for classifying these types of compounds. Amongst the vast
set of multicomponent crystals, their overview considers only those that are “made from
reactants that are solids at ambient conditions.” They also included a footnote that “one
could make a case for including materials such as those prepared by co-condensation
at reduced temperatures or elevated pressure”. In the same review, they also stated that
there exists a need for distinguishing multi-component crystalline materials that are
comprised of two or more solids versus those composed of one or more solids and a
liquid.

1.3.3 Multi-component crystal

Crystals that contain more than one component (solid or liquid) in the crystal
lattice is termed as multicomponent crystals (Desiraju et al. (2011)). It is impossible to
classify and nomenclature for all multi-component crystal by a single specific system.
There is no much difference between a multi-component crystal and a single component
crystal at a fundamental level. The law that governs for the crystal packing for both
single component and multi-component are same. However, there is some difference,
the most important is the crystal growth formation. Since in multicomponent crystal,
two distinct multi-components are involved, so one has to consider the relative
solubilities, relative vapor pressure, and their intrinsic chemical nature.

Classification of multi-component crystals have varied from time to time, the
term host-guest compound has used for over decades. Other terms include clathrate,
intercalate and inclusion compound. In clatharate, host completely encapsulates the
guest and in intercalate, the guest is sandwiched by the host in layers. Whereas, in the
case of some inclusion compounds, the guest is located in a one-dimensional channel

in host structure. In some type of guest—host compounds, guest can be removed to leave
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the empty space for another guest molecule without disturbing the host structure. In
other host-guest compounds, the removal of guest will completely collapse the host
framework. These type of host networks actively require the guest presence and it is
referred as guest induced host network (template effect). One of the best examples for

the host-guest compound is crown ethers (eg. 18-crown-6) as shown in the Figure 1.10.
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Figure 1.10: An example of the host-guest system.

Solid solutions are also considered as multi-component crystals and were first
used by Kitaigorodskii as mixed crystals. However, this term is not in use today as the
term molecular complexes arose in the 1960s and referred for molecular complexes in
solutions. This term was popular for donor-acceptor (charge transfer) complexes
between electron rich and electron poor complexes. Solvates and hydrates are also
considered as multi-component crystals, wherein these cases there will be a presence
of solvent or water molecules in the crystal lattice along with the solute molecules.
Polar solvents like water are stabilized always in the crystal structure through
directional interactions. The phenomenon of solvation or hydration is associated with
polymorphism and is having industrial importance since the properties of many drugs
and dyestuff are dependent on the properties whether or not solvent is included in the
crystal lattice. The Cambridge Structural Database (CSD) contains at least 5000
molecules which include water in the crystal lattice. Methanol is the second most

commonly found solvents in the crystal structure (Desiraju et al (2011)).

1.4 POLYMORPHISM

Polymorphism is the phenomenon wherein same chemical compound exist in
different crystal structures or forms. These different crystal structures or forms are
called as polymorphs. Polymorphism is therefore exclusively a solid-state

phenomenon. Polymorphism is observed in all crystalline compounds including
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molecular and non-molecular, organic, inorganic, organometallic and coordination
complexes. In 1820, E. Mitscherlich was the first to recognize the polymorphism in
sodium arsenate phosphate. Later in 1832, Friedrich Wohler and Justus Liebig
discovered polymorphism in organic material benzamide (Brew et al. (2007)).
Polymorphs have different crystal structures, thus all types of diffraction techniques of
single crystal and powders are of great importance in identifying this phenomenon.
Polymorphs in resorcinol were the first example of organic solids which were

characterized by crystal structure determinations (Druzbicki et al. (2005)).

Since polymorphs have different crystal structures, it is likely that they are
having different morphologies. Some examples that find application in daily life are
indigo, cocoa butter, sorbitol, lead tetraethyl and copper phthalocyanine. Polymorphism
plays an important role in the pharmaceutical industry as the different crystal
morphologies can affect processing properties like filtering, drying, flow, tableting, rate
of dissolution, shell life and bioavailability. Hence the process of crystallization and the
crystal morphologies of the drug are of much importance in pharmaceutical industry.
Polymorphs are classified as,

i Conformational polymorphs
ii. Tautomeric polymorphs

iii. Concomitant polymorphs
iv. Disappearing polymorphs
V. Pseudo polymorphs

1.4.1 Factors affecting the formation of polymorph

There are many factors that are responsible for the development of polymorphic
forms. Various conditions such as,

» Solvent effects (The packing of the crystal may be different in polar and
nonpolar solvents).

» Certain impurities inhibiting growth pattern and favor the growth of metastable
polymorphs.

» The level of supersaturation from which material is crystallized (In which
generally the higher the concentration above the solubility, the more likelihood

of metastable formation).

Department of Chemistry, NITK 14



CHAPTER 1

» The temperature at which crystallization is carried out.

» The geometry of covalent bonds (Differences leading to conformational
polymorphism).

» Change in stirring conditions.

1.4.2 Challenges to pharmaceutical industry

As the different polymorphs of a drug substance exhibit different physical
properties including solubility, bioavailability, filtering, drying etc. it is important for a
pharmaceutical industry to prepare and control the polymorphism in drug molecule. A
significant number of molecules in the marketed drug exhibits polymorphism mainly
because of two factors,

i)  Structural: As the drug molecule contains different functional groups that are
capable of forming hydrogen bonds and are flexible. This combination of
functional groups that contains rotatable bonds, which can also accept or donate
hydrogen bonds can lead to different orientations in the crystal structures.
Functional groups include OH, NH2, NHCOCH3, COOCHjs, and NHCHa.

i) Thermodynamic: Due to high demand for yield and production rates,
pharmaceutical industries forces crystallization to operate far from equilibrium.
Under these conditions, there is a possibility to form polymorphs.

There are few examples from the pharmaceutical industry for the existence of

polymorphs,
1) Ranitidine

It is a blockbuster anti-ulcer drug, developed by Glaxo and marketed in the form of
hydrochloride of the free base under the brand name Zantac. The first patent was issued
in the year 1977 for the drug. During the scale-up work, it was observed that a sample
was obtained that is having different diffraction pattern from the other. Glaxo concluded
that they got the new polymorphic form and they called it as form Il. The material which
was obtained in the first patent called as form I. In 1985 Glaxo filed a patent for form

Il also. Structure of ranitidine is shown in Figure 1.11.
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Figure 1.11: Structure of ranitidine.

As the patent on form | expected to expire by 1995 many generic companies
prepared to go on the market with form 1. One of the generic company Novopharm had
a long intense legal battle with Glaxo, as they claimed that the first patent filed by Glaxo
was inevitably produced form Il instead of form I. Therefore, Novopharm claimed that
the first patent was invalid and they sought to market form Il. Glaxo successfully
defended its patents and they proved that form | could indeed be prepared by the
procedures given in the first patent. Novopharm lost to Glaxo in the first round of
litigation. Later in1994, Novopharm developed a method for the preparation of form |
which are free from form Il and sought to market the same. Now Glaxo sued against
Novopharm claimed that Novopharm’s form | contains form Il which was again
protected. However, Novopharm showed that their sample did not contain any
detectable amount of form II. The court was stated that if the Novopharm’s form I
contains little of form 11, then it can be treated as an impurity, and allowed to market
the mixtures of form I and form I1.

2) Ritonavir

It is an anti-HIV drug introduced in 1996 and sold by Abbot Laboratories under
the trade name of Norvir (Figure 1.12). Originally it was dispensed as an ordinary
capsule which did not require any refrigeration. It was not known that the drug was
marketed the kinetic form of the drug molecule. The crystal description of the form was
in the monoclinic system and it was referred as form 1. in the year 1998 a second form
was discovered as a result of the observation that several batches started failing for
dissolution specification. Evaluation of the failed products suggested that the second
form had precipitated from the formulation. It was a conformational and

thermodynamically stable form.
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Figure 1.12: Structure of Ritonavir.

There are additional two factors that pertained to form 1l and it completely upset
the production of a marketable form of the drug. The first factor was that the lower
energy form Il caused the therapeutically effective higher energy form | to convert to
lower energy polymorph on contact. The second factor was that form Il was
pharmaceutically inactive as it was less soluble (~50%) than the kinetic form (form I).
later Abbot was forced to remove the oral capsule from the market and it had serious
implications for the marketed product and also for the patients taking the drug. After a
substantial effort, Abbot was able to reproduce the kinetic form at considerable cost.
They developed a new method for the formulation and launched the product as
refrigerated filled gel capsules. The new formulation was very expensive than the
original product.

These examples reveal the importance of polymorphs in pharmaceutical
industries. Generic drug companies have been aware of the importance of crystal
engineering activities in drug development in order to overcome the intellectual

property (IP) issue related to polymorph and drug product.

1.5 PHARMACEUTICAL COCRYSTAL

Cocrystals are of special importance in the pharmaceutical industry in recent
years due to their improved physicochemical properties of the drug substance.
Pharmaceutical cocrystals have some advantageous property when compared with the
original molecule in formulation stage when compared with the drugs of solvates or

hydrates. This is because the number of acceptable solvents are limited, solvents tend
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to be volatile and susceptible to desolvation leads to amorphization which may be
undesirable.

Pharmaceutical cocrystal is defined as “Single-crystalline solids that
incorporate two neutral molecules, one being a drug molecule and the other a cocrystal
former (Sekhon B. S. (2009)).” A cocrystal former may be an excipient or neutral
compounds that are listed from Generally Recognized As Safe (GRAS) compounds or
another drug molecule. Pharmaceutical cocrystal offers potential improvement in
solubility, dissolution rate, bioavailability, and physical stability of the drug molecules.
Also, it helps to improve flowability, chemical stability, compressibility and
hygroscopicity of drugs. Pharmaceutical cocrystal allows one to ease the patent liability
unlike in the case of polymorphs. Three main criteria for patentability are novelty, non-
obviousness, and utility. All three criteria satisfy pharmaceutical cocrystal. A Recent
review on pharmaceutical cocrystal suggests that US food and drug administration
(FDA) and European Medicines Agency (EMA) has approved a cocrystal hydrate of
disodium valsartan and monosodium sacubitril developed by Novartis pharmaceuticals
used in the treatment of chronic heart failures. Other drug-drug cocrystals with
enhanced physicochemical properties which are under late stage development are a
non-steroidal anti-inflammatory (NSAID) drug celecoxib and an opioid drug tramadol

and a cocrystal of diabetic drug ertugliflozin with 5-oxo-proline.

Generally, there are two main approaches to synthesize a pharmaceutical
cocrystal. The first approach is based on the retrosynthetic strategy and by identifying
complementary hydrogen bonding sites in both API and coformer. For example, an
anti-epileptic drug carbamazepine (Figure 1.13) phases many challenges in oral
administration due to its low aqueous solubility and bioavailability. The molecule
contains an amide functional group and the crystal structure of the drug contains amide-
amide homosynthon. The retrosynthetic possibility suggests that the molecule contains
an amide functional group and thus two possibilities are possible. One is amide-acid
hetero synthon preparation and the second one retains the amide homosynthon but
utilizes other hydrogen bond donor and acceptor sites in the drug molecule. These
strategies enable carbamazepine to form a number of cocrystal with benzoic acid, acetic

acid, formic acid, aspirin, succinic acid, saccharin, 4-aminobenzoic acid etc. with
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superior dissolution properties, suspension stability and pharmacokinetics compared to
the parent drug (Childs et al. (2008)).

A0

07 "NH,

Figure 1.13: Structure of carbamazepine.

The second approach is based on the high throughput crystallization method.
Solution based crystallization is preferred but the disadvantage is that poor efficiency
and more time-consuming. The mechanochemical method provides an alternate path to
prepare the cocrystal. A combination of the two approaches may be advantageous in
cocrystal screening experiments.

1.5.1 Properties of pharmaceutical cocrystal

Success or failure of pharmaceutical formulation depends on its performance.
There are many examples of pharmaceutical cocrystal which are having better solubility
or stability compared to the pure drugs. Main properties of pharmaceutical cocrystals
are as follows,

i. Melting point: It was observed that most of the pharmaceutical cocrystals (>50%)
have their melting point intermediate to coformer and API (Walsh et al. (2003)). Higher
the melting point of pharmaceutical cocrystal compared to API and coformer may lead
to lower aqueous solubility and bioavailability compared to pure API (Schultheiss et al.
(2009)).

ii. Stability: It is a heavily studied parameter for a pharmaceutical drug molecule during
the development stage. Physical and chemical stability studies commonly studied at
accelerated conditions to determine developability and shelf life. Water uptake is the
major problem in handling and packaging point of view as this can lead to different
forms. In pharmaceutical cocrystal or salt, solution stability is the most important one
as the dissociation of material leads to the precipitation of less soluble parent compound
or form. The major stability studies include,

a) Relative humidity stress

b) Thermal stress
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c) Chemical stability

d) Solution stability
For example, caffeine is susceptible to hydration with change in humidity.
Pharmaceutical cocrystal of caffeine with oxalic acid showed stability towards
humidity for several weeks (Jones et al. (2005)).
iii. Solubility: One of the main aim to synthesize pharmaceutical cocrystal is to increase
the solubility of a poorly soluble drugs. Cocrystallization can be performed either for
free acid or free base and their salts to alter their solubility. Cocrystals of caffeine with
glucuronic acid and norfloxacin with isonicotinamide showed higher solubility than
pure drugs (Velaga et al. (2006)). Further, cocrystal formation exhibits decrease in the
solubility of drug molecule as well (Zhang et al. (2009)).
iv. Intrinsic dissolution: Intrinsic dissolution is the measure of rate of dissolution
without the effect of particle size. This is done by pressing a pellet or disk in dissolution
medium. Concentration of the solution is measured over a period of time to check the
solubility of drug molecule. For example, Cocrystals of Fluoxetine HCI with various
acids are screened and it is observed that Fluoxetine HCl/succinic acid cocrystal
showed 3-fold higher solubility than the pure drug (Childs et al. (2004)).
v. Bioavailability: It is the measure of rate and extent of active drug molecule that
reaches systemic circulation. Only a limited number of bioavailability study have been
reported with cocrystal. A 1:1 cocrystal of AMG 517/Sorbic acid showed increase in
bioavailability compared to the pure drug (Schultheiss et al. (2009)). Even though the
number of reports are limited for pharmaceutical cocrystal on bioavailability, it can
greatly influence the bioavailability as the cocrystal formation can increase the
solubility of drug molecule.
vi. Purification of APIs: APIs or intermediates can be purified by cocrystal formation.
It is an alternate method for the purification of drugs or intermediates.
vii. Racemic resolution of APIs: Pharmaceutical cocrystallization can be employed for
the purification of racemic mixture. Research has been carried on the racemic resolution
of Naproxen, a non-steroidal anti-inflammatory drug (NSAID). It was observed that
pure S-naproxen was observed from RS-naproxen by cocrystallization with bipyridine

and piperazine (Manoj et al. (2014)).
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1.5.2 Synthesis of pharmaceutical cocrystal

Traditional approach to do crystallization was by solvent evaporation, cooling
or by anti-solvent addition. Even these methods can employ for the production of
pharmaceutical cocrystal. The different methods to synthesize a pharmaceutical
cocrystal are as follows,
I. Solution method

Solution method is one of the traditional methods for crystallization.
Crystallization occurs from the solution with a proper supersaturation degree. The
supersaturation can be achieved by different methods such as cooling, evaporation, the
addition of a solvent that lowers the solubility of components. Among this, the solvent
evaporation method is a most popular way of preparing pharmaceutical cocrystals.
(Sekhon, B.S. 2012).

a) Solvent evaporation method

Two or more molecules in the stoichiometric ratio are dissolved in a single
solvent or a mixture of solvents (inert) and left for slow evaporation. It can be done
either under an atmospheric condition or under an inert atmosphere. It is considered as
the best method if coformers exhibit comparable degrees of solubility in the
crystallizing solvent. The solution method is of great importance due to most of the
cocrystals which qualify for single X-ray diffraction testing can only be prepared
through this method. Limitation of slow evaporation method relates to issues with scale-

up and use of the large volume of solvent.

b) Anti-solvent crystallization

This process is used for the cocrystallization of highly soluble substance. In this
method, a solvent is added to the solution containing APl and coformer normally at the
ambient condition to decrease the solubility of the desired substance. The solvent
chosen should be inert so that it won’t interact with desired substance or form a solvate

(Desiraju, G. R. 2011)

ii. Melt crystallization (crystallization via melting and cooling)

This method is suitable for the cocrystallization of solids which shows
comparatively low solubility. The cocrystal is achieved by the simple melting of two
cocrystal formers together followed by cooling. The challenge includes in the melt
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crystallization is the stability of solids on heating. The coformers should not decompose
on heating (Desiraju, G. R. 2011).

iii. Mechanochemical methods
a) Neat grinding method

Phase transformation from the physical mixture to cocrystal is obtained by
grinding of the stoichiometric amount of API and coformer in a pestle and mortar or
ball mill. Heat generated during grinding can induce local melting at the interface
between different reactant that causes the nucleation of a new phase. The main
drawback of this method is that it is difficult to get a single crystal with good quality.

b) Solvent drop grinding method (Liquid Assisted Grinding Method)

Solvent drop grinding or Liquid Assisted Grinding (LAG) is one of the superior
methods to produce cocrystal. In this method, cocrystal formers are ground together
manually in the presence of catalytic amount of solvent, which enhances the
cocrystallization process and enables the formation of cocrystals. It is an efficient
method of screening for cocrystal hydrates. The LAG method has advantages over dry
grinding method such as increased yield, ability to control polymorph production, better
product crystallinity. It is highly cost-effective, efficient, green and reliable approach
for the cocrystal synthesis.

v, Supercritical fluid atomization technique

Different supercritical fluid technigques are used to produce cocrystal by taking
advantage of different properties of the supercritical fluid (solvent, anti-solvent, or
atomization enhancement). The supercritical atomization process is mainly based on
the solubilization of controlled quantities of supercritical CO2 in a liquid solution
containing API and coformer and subsequent atomization of the mixture through a
nozzle thin wall. This method is helpful to synthesize amorphous as well as crystalline
materials. The particle size of the materials can be controlled by careful selection of
liquid solvent, processing temperature, nozzle diameter and concentration of the
solution. It allows a single-step generation of cocrystal that is difficult or even
impossible to obtain by traditional technique. Issues with scale up, low purity yield are
limitations of supercritical fluid atomization method (Sekhon, B.S. 2012).

Theophylline-saccharine cocrystal with 1:2 stoichiometry was obtained by supercritical
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fluid enhanced atomization processes which was not previously reported by any other
classical screening methods. (Sekhon, B.S. 2012).
1.5.3 Characterization of pharmaceutical cocrystal

Cocrystal can be characterized in a number of ways. Single crystal X-ray
diffraction method (SC-XRD) is most commonly used method for the structural
characterization. Powder diffraction method (PXRD) also can be used to characterize
cocrystals, as each material gives its own distinct characteristic peaks. Solid state
Nuclear Magnetic Resonance Spectroscopy (NMR) technique is recently introduced for
the characterization of cocrystal. Here the advantage is that we can able to differentiate
chiral and racemic cocrystals of similar structure. Other spectroscopic methods include
Fourier Transform Infrared Spectroscopy (FT-IR) and Raman spectroscopy, by
comparing the spectra of cocrystal with individual molecules. Another characterization
method includes melting point apparatus, Differential Scanning Calorimetry (DSC),
Polarized Optical microscope (POM) and Thermogravimetric Analysis (TGA) for the
physical property studies.

1.5.4 Pharmaceutical cocrystal as intellectual properties

Compared to other classes of solid forms, cocrystals have particular scientific
and regulatory advantages and alongside these advantages are intellectual property
issues which confer cocrystal with unique opportunities and challenges. The protection
of intellectual property of invented drug form is important to obtain patentability during
the commercialization of the drug. There is a large number of acceptable coformers are
available and hence cocrystal can offer broad patent space. Therefore, it has great
importance in the pharma industry. The investigation of cocrystal is important in a
developing area of research in which scientific advances can afford legal advances.
Patent help to promote good research for society’s benefit and avoid others from
practicing the invention of one inventor that contributes to commercial advantage. A
number of areas have to be considered when patenting a pharmaceutical product such
as the composition of matter (molecular structure, solid form or formulation), method
of use (medical indication) and manufacturing process (chemical synthetic route). In
order to obtain a patent coverage, the invented drug should satisfy three important

criteria: novelty, utility, and non-obviousness.
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i Novelty

Cocrystal formation is a unique tool which enables the solid-state modification
of APIl. The possibility to achieve distinct solid-state structures through
cocrystallization satisfies the novelty requirement for patentability. It is clear that the
cocrystals which have not been described before should satisfy the novelty requirement
for patentability. The important investigation is that the product is apparently safe and
acceptable for human ingestion. In that sense, the cocrystal is superior over salt due to
the limited number of acceptable counter ions.
ii. Utility

The utility of an invention includes useful process, machine manufacture or any
useful improvement. The cocrystal should possess useful therapeutic utility as parent
API and it is worth enough to a patent if it posses’ superior therapeutic utility over
parent API. Cocrystal offers enhanced solubility and dissolution rate which influence
the bioavailability of the drug molecule, and further, cocrystal offers physical and
chemical stability to the API. These properties are superior for cocrystal over parent
API. In addition to this, cocrystal shows potential improvement in properties like
compressibility, hygroscopicity, and flowability etc.
iii. Non-obviousness

Obviousness can be analogized to the scientific notion of predictability. A
cocrystal is a unique crystalline material with unpredictable structure and property.
Numerous works are ongoing to predict the possible crystal structure from its molecular
structure using advanced computational methods, but still, the prediction of actual
crystal structure that forms in the laboratory is a challenging area of ongoing research.
The prediction of cocrystal structure found a greater challenge, it includes (1)
determining whether a given sets of molecular components will undergo crystallization,
(2) identifying primary intermolecular interactions that will exist within the particular
cocrystal structure, (3) envisioning the overall packing arrangement in the resulting
cocrystal structure. The presence of multiple molecules in the crystal lattice and
numerous stoichiometric possibilities make the task more complicated. Due to the
challenges in predicting cocrystal structure and properties, the synthesis of cocrystal
still follow trial-and-error method and it remains as a non-obvious form in a generally

patentable perspective.
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1.6 BIOPHARMACEUTICAL CLASSIFICATION SYSTEM (BCS)

It was primarily developed in the context of immediate release solid oral dosage
forms. BCS is a scientific framework for classifying APIs based on their aqueous
solubility and intestinal permeability. This system has been adopted worldwide by
regulatory authorities as a means to establish technical standards for waiving
bioavailability and bioequivalence testing requirements for oral drugs. According to
BCS classification (Figure 1.14), drug substances are classified into four categories
based on their solubility and permeability. (1) High permeability and high solubility (2)
Low solubility and high permeability (3) High solubility and low permeability (4) Low
solubility and low permeability. A drug substance is considered to be highly soluble if
the highest dose strength is soluble in <250ml of water over a pH range 1-7.5 and highly

permeable when the extent of absorption is >90% of the administered dose.

Class | Class 11
high solubility low solubility
high permeability high permeability
Class 111 Class IV
high solubility low solubility
low permeability low permeability

Figure 1.14: BCS Classification.
1.7 CAMBRIDGE STRUCTURAL DATABASE (CSD)

The Cambridge Structural Database (CSD) was established by the Cambridge
Crystallographic Data Centre (CCDC), is a depository of X-ray and neutron data on
organic and organometallic crystals. It was started in the year 1965 with only less than
2000 entries, today CSD comprises of over half million crystal structures making it a
comprehensive and highly curated scientific resource for crystal engineering. Chemists
and crystallographers have convenient access to a large amount of crystallographic data
and structural information with the use of CSD.

The CSD may also be used to study interaction patterns other than individual
intermolecular interactions. The CSD help chemists to fast visualization of crystal
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structures and analysis of experimentally determined crystallographic data to further
understand the behavior of molecules and the intermolecular forces within a crystal. It
is also used to trace similarities between the directionality and interaction patterns of
various hydrogen bonds and secondary bonds, namely p-block elements of heavy metal
atoms and chloride ions. This knowledge is fundamental to crystal engineering as it
gives information about intermolecular interactions, geometrical preferences,
directionality and the type of supramolecular synthons involved. The figure below
shows the growing number of entries to CSD in recent years (Figure 1.15).
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Figure 1.15: Number of entries to the CSD in recent years.

1.8 LITERATURE REVIEW

Pharmaceutical cocrystal can be prepared by crystal engineering approach
based on the pKa value of the drug substance and the coformer used. There is a
numerous number of cocrystals are reported yearly by various research groups with
GRAS and non-GRAS substances as a coformer molecule. Few of the reported
pharmaceutical cocrystals of various drug molecules are briefly explained below.
a) Carbamazepine

Carbamazepine (CBZ) is a medication used primarily in the treatment of
epilepsy and neuropathic pain. It is not effective for absence seizures or myoclonic
seizures. It may be used in schizophrenia along with other medications and as a second
line agent in bipolar disorder. A controlled release formulation is available for which
there is tentative evidence showing fewer side effects. Carbamazepine was discovered

in 1953 by Swiss chemist Walter Schindler. It was first marketed in 1962 and is
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currently available as a generic medication and is not very expensive. It is on the WHO
Model List of Essential Medicines, the most important medications needed in a basic
health system. Four polymorphs of carbamazepine are reported in the literature. CBZ
drug falls under BCS Class Il drug due to low aqueous solubility and high permeability.
A large number of cocrystals of CBZ are found in the literature with various GRAS
molecules.

Fleischman et al. (2003) synthesized solvates and cocrystal of carbamazepine
with acetone, dimethyl sulfoxide, benzoquinone, terephthalaldehyde, saccharin,
nicotinamide, formic acid, acetic acid, butyric acid, trimesic acid, 5-nitroisophthalic
acid, adamantine-1,3,5,7-tetra carboxylic acid and formamide (Figure 1.16). Childs et
al. (2008) reported 27 cocrystals with various carboxylic acid coformers and they
obtained higher solubility and stability compared to the pure drug. A drug-drug
cocrystal of CBZ: indomethacin (1:1) is reported by Majumder et al. (2011) by milling
method. Arora et al. (2011) synthesized cocrystal of CBZ: nicotinamide by water-
mediated crystallization (which is released from the dehydration of dibasic calcium
phosphate dihydrate) in intact tablets (Figure 1.17). They monitored the
cocrystallization by powder X-ray diffractometer. They also studied the
cocrystallization with aspirin as coformer and found that water-mediated crystallization
leads to the hydrolysis of aspirin and a new cocrystal CBZ: Salicylic acid is obtained
instead of CBZ: Aspirin cocrystal.

(a) (b) (©)
Figure 1.16: Solvates of carbamazepine with (a) acetic acid, (b) formic acid and (c)

butyric acid.
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Figure 1.17: CBZ: Nicotinamide cocrystal (1:1).

Alhalaweh et al. (2012) prepared a cocrystal with saccharin as coformer and showed
enhanced solubility (2-10 times) and impart pH sensitivity different from that of pure
drug. A cocrystal polymorph of carbamazepine/malonic acid was reported by
Limwikrant et al. (2012). They have used a vibrational rod mill for the production of
new polymorph, where the known form was produced by a ball mill. Rahim et al. (2013)
reported the synthesis of cocrystal of CBZ with various coformers like
terephthalaldehyde, nicotinamide, trimesic acid, 5-nitro isophthalic acid, salicylic acid,
adipic acid, fumaric acid, succinic acid, maleic acid, L-malic acid, malonic acid,
glutaric acid, 4-amino benzoic acid, aspirin, 2,6 pyridine dicarboxylic acid and
saccharin by employing various cocrystallization techniques like solvent evaporation,
liquid-assisted grinding and dry grinding techniques. They have studied the
cocrystallization with stoichiometric and non-stoichiometric ratios and found that 85%
success rate achieved for non-stoichiometric ratios whereas only 61% success rate is
observed for stoichiometric ratio by various methods.

Moradiya et al. (2014) synthesized carbamazepine/trans-cinnamic acid
cocrystal by melt extrusion method and they obtained faster dissolution rate compared
to bulk carbamazepine and the prototype cocrystal. Li and Matzger (2016) reported
cocrystal of carbamazepine with different molar ratios of 4-aminobenzoic acid.
However, in their study, no correlation of dissolution rate is observed with
stoichiometry of cocrystals. Drozd et al. (2017) reported drug-drug cocrystal of
carbamazepine with p-aminosalicylic acid with varying molar ratios and they achieved
cocrystal, cocrystal hydrate and cocrystal solvate in their study.
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b) Naproxen

0 ™~

HO

Figu;e 1.18: Structure of Naproxen.

Naproxen (NPX) usually sold as the sodium salt 'naproxen sodium," is a non-
steroidal anti-inflammatory drug (NSAID) of the propionic acid class (same class as
ibuprofen) and is commonly used for the reduction of pain, fever, inflammation, and
stiffness caused by conditions including migraine, osteoarthritis, kidney stones,
rheumatoid arthritis, psoriatic arthritis, gout, ankylosing spondylitis, menstrual cramps,
tendinitis, and bursitis, among others. It is also used for the treatment of primary
dysmenorrhea. It is the preferred NSAID for long-term use in people with a high risk
of cardiovascular (for example, heart attacks or strokes) complications, due to its
relatively low risk of causing such complications. NPX has an intermediate risk of
causing stomach ulcers as compared with ibuprofen, which is low risk, and
indomethacin, which is of high risk. In order to reduce the risk of stomach ulceration,
it is often combined with a proton-pump inhibitor (a medication that reduces the
production of stomach acid) during long-term treatment, in those with pre-existing
stomach ulcers, or a history of developing stomach ulcers while on NSAIDs. Four
pseudo polymorphs and four hydrated polymorphs of naproxen are reported in the
literature.

The cocrystal of NPX with pyridine carboxamide isomers (nicotinamide,
isonicotinamide, and picolinamide) was synthesized by Castro et al. (2011) by cofler
contact method and mechanochemistry (Figure 1.19). In all the three cocrystals,
supramolecular acid-aromatic pyridine heterosynthon was observed regardless of the

position of ring nitrogen.
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Acid-pyridine heterosynyhon

Figure 1.19: Supramolecular acid-pyridine heterosynthon observed in

naproxen/isonicotinamide cocrystal.

A specific 2:1 cocrystal of NPX with nicotinamide was studied by Ando et al.
(2011) and they found that the cocrystal showed faster dissolution and less water
adsorption properties. Tilborg et al. (2013) synthesized naproxen cocrystal with
zwitterionic coformer proline by liquid assisted grinding method. They synthesized
cocrystal of S-naproxen with D and L-proline and RS-naproxen with D and L-proline
hydrates. Manoj et al. (2014) synthesized cocrystal of racemic and specific S-NPX with
bypyridine and piperazine as coformer. They also studied the preferential enrichment
of s-NPX from racemic NPX. Efficient enrichment is not observed due to the lower
solubility of enantiomers compared to the racemic mixture. Tumanova et al. (2014)
synthesized cocrystal of S-NPX with a series of essential and nonessential amino acids
(zwitterionic co-former) like L-alanine, D-alanine, D-tyrosine (Figure 1.20) and D-
tryptophan monohydrate. All the synthesized cocrystal showed same structural motifs
i.e. amino acids forms strong charge-assisted hydrogen bonding with S-NPX molecule.
Kerr et al. (2017) evaluate the physicochemical properties of naproxen-picolinamide
cocrystal, and they found that the intrinsic dissolution rate of NPX in the cocrystal was

similar to that of NPX parent molecule.
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O-H--O hydrogen bond

Figure 1.20: Asymmetric unit in S-NPX/D-tyrosine cocrystal.

C) Isoniazid

P N _NH,
H
AN
Figure 1.21: Structure of Isoniazid.

Isoniazid (ISD) is the first-line medication for prevention and treatment of
tuberculosis. The compound was first synthesized in the early 20th century, but its
activity against tuberculosis was first reported in the early 1950s. Isoniazid is available
in tablet, syrup, and injectable forms (given intramuscularly or intravenously). It is
available worldwide, is inexpensive, and is generally well tolerated. It is on the World
Health Organization's List of Essential Medicines, a list of medicines that constitute the
bare minimum for a basic health system.

Grobelny et al. (2011) synthesized ISD cocrystal with 4-aminosalicylic acid by
the solvent drop grinding approach. Single crystal XRD revealed that simultaneous
existence of pure hydrogen bonded and partially ionic character acid---nitrogen base
dimer in the cocrystal (Figure 1.22). Lemmerer (2011) synthesized cocrystals of 1SD
with 2-hydroxybenzoic acid, succinic acid, 4-hydroxybenzoic acid and 2-chloro-4-
nitrobenzoic acid as coformers. In all the cocrystals synthesized, he observed carboxylic
acid--pyridine hetero synthon in the cocrystal structure. Ravikumar et al. (2013)
synthesized I1SD/p-coumaric acid cocrystal by slow evaporation method. Sarcevica et

al. (2013) synthesized cocrystals with acid derivatives like benzoic acid, sebacic acid,
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suberic acid and cinnamic acid as coformers. They also observed polymorphism in
ISD/suberic acid and 1SD/cinnamic acid cocrystals. The solubility of the synthesized
cocrystal showed that solubility increases with increase in solubility of carboxylic
acids. Swapna et al. (2014) synthesized cocrystals of ISD with various GRAS
coformers like vanillic acid, ferulic acid, caffeic acid and resorcinol in order to enhance
the physicochemical properties of ISD. All the cocrystals showed better stability
towards accelerated humid conditions (40 °C, 70% RH) except ISD/resorcinol

cocrystal. They have also studied the polymorphism in all the synthesized cocrystals.

y-
& H(70)

06) °¢

Cocrystal Partly salt
Figure 1.22: Cocrystal of ISD/4-aminosalicylic acid with the partly ionic bond.

Kaur et al. (2014) synthesized cocrystal of 1ISD with gallic acid as coformer.
They observed that cocrystal of ISD/gallic acid displays single crystal-to-single crystal
transformation up on dehydration. Sarcevica et al. (2015) synthesized cocrystal of ISD
with benzoic acid as coformer. Mashhadi et al. (2014) synthesized cocrystals of ISD
with hydroxybenzoic acid as coformers (gallic acid, 2,3-dihydroxybenzoic acid, 3,5-
dihydroxybenzoic acid and 3-hydroxybenzoic acid). Acid-pyridine hetero synthon is
observed in all the cases except 1SD/2,5-dihydroxybenzoic acid where hydroxyl-
pyridine hetero synthon is observed. Sarceivica et al. (2016) studied the effect of chain
length of dicarboxylic acid on the cocrystallization with ISD by vapochemical,
mechanochemical, and thermal methods. Oruganti et al. (2016) studied the hierarchies
of hydrogen bond in salt/cocrystals of 1ISD and its Schiff base. De Melo et al. (2016)
synthesized pharmaceutically acceptable salts of ISD with HBr, H.SO4, and HNO:s.
Masshadi et al. (2016) reported cocrystal of ISD with 3,4-dihydroxybenzoic acid.
Drozd et al. (2017) reported drug-drug cocrystal of ISD with p-aminosalicylic acid and
performed solubility studies. Diniz et al. (2017) reported cocrystals of ISD with p-

nitrobenzoic acid, p-cyanobenzoic acid, and p-aminobenzoic acid.
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d) Dapsone

Dapsone (DAP) is an antibiotic commonly used in combination with rifampicin
and clofazimine for the treatment of leprosy. It is a second-line medication for the
treatment and prevention of Pneumocystis pneumonia and for the prevention of
toxoplasmosis in those who have a poor immune function. Additionally, it has been
used for acne as well as other skin conditions. DAP is available both topically and by
mouth. It is on the World Health Organization's List of Essential Medicines, the most
important medications needed in a basic health system. The oral form is available as a
generic drug and not very expensive. DAP fall under BCS Class Il drug due to poor

aqueous solubility.

O
\V4

HyN NH

Figure 1.23: Structure of Dapsone.

2

Martins et al. (2013) synthesized two cocrystals of DAP with e-caprolactam and
4, 4’-bipyridine by traditional crystallization techniques. In both the cases, NnH2-Oso2
interactions are observed. Smith and Wermuth (2012) synthesized cocrystal of DAP
with 1, 3, 5-trinitro benzene coformer. The cocrystal is formed through —N-H---O
hydrogen bond associated with nitro O-atom acceptors.

Lemmer et al. (2012) synthesized three solvates of DAP such as
dichloromethane, 1,4-dioxane, and tetrahydrofuran by solution crystallization method
in respective solvents. Smith and Wermuth (2012) synthesized cocrystals of DPA with
3, 5-dintrobenzoic acid as coformer. Six drug-drug cocrystals of DAP was reported by
Jiang et al. (2014) with caffeine (1:1 and 1:2 ratio), flavone, luteolin, 2(3H)-
benzothiazolone and sulfanilamide as coformer. They have also studied the equilibrium
solubility of synthesized cocrystal and compared the results with parent drug. Further,
He at al. (2016) studied the polymorphism of DAP/flavone cocrystal, which resulted in

trimorphic forms of 1:1 dapsone/flavone cocrystal (Figure 1.24).
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Figure 1.24: Polymorphic forms of dapsone/flavone cocrystal.

e) Fluorouracil
F

s

HN NH

g

O

Figure 1.25: Structure of Fluorouracil.

Fluorouracil is a pyrimidine derivative drug which is used in the treatment of
cancer. It is a suicide inhibitor and works through irreversible inhibition of thymidylate
synthase. It belongs to antimetabolites family of drugs. It is on the World Health
Organization's List of Essential Medicines, a list of the most important medications
needed in a basic health system. Two polymorphs of Fluorouracil is reported in the
literature.

Delori et al. (2013) synthesized three cocrystals of fluorouracil with acridine,
phenazine and 4, 4-bispyridylethene as coformer. Li et al. (2014) synthesized a 1:1
cocrystal of fluorouracil with 4-hydroxybenzoic acid as coformer. They have studied
polymorphism in the above-mentioned cocrystal and they found two new crystal forms
of fluorouracil/4-hydroxybenzoic acid cocrystal (Figure 1.26). Dain et al. (2016)
synthesized three cocrystals of fluorouracil with GRAS molecules such as 3-
hydroxybenzoic acid, 4-aminobenzoic acid, and cinnamic acid. They have studied the
permeability of these cocrystals and compared the results with fluorouracil. Increase in
permeability was observed for all the cocrystals studied when compared to the
fluorouracil as such in their study. Mohana et al. (2017) studied the supramolecular

interactions in fluorouracil/5-bromothiophene-2-carboxylic acid and fluorouracil/
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thiophene-2-carboxylic acid. In the same year, they have reported the hydrogen bond
patterns in fluorouracil/4-methyl benzoic acid and fluorouracil/3-nitrobenzoic acid

cocrystals.
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Figure 1.26: Two polymorphic forms of fluorouracil/4-hydroxybenzoic acid cocrystal
(aand b).

f) Ethenzamide

\/O

Figure 1.27: Structure of Ethenzamide.

Ethenzamide is an analgesic and anti-inflammatory drug that is used for the
relief of fever, headaches, and other minor aches and pains. It is a common ingredient
in numerous cold medications and many prescription analgesics.

Aitipamula et al. (2009) reported a trimorph of a pharmaceutical drug-drug
cocrystal of ethenzamide with gentisic acid (Figure 1.28) and they found that the
metastable polymorph formed is found to be converting to stable polymorph upon
grinding. This was the first example of a trimorphic form of a cocrystal that contains
two active molecules. In the same year, he has reported another polymorphic cocrystal

of ethenzamide/saccharin cocrystal.
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Figure 1.28: Trimorphic forms of ethenzamide/gentisic acid cocrystal.

In the year 2010 Aitipamula et al. reported two polymorphic forms of a
cocrystal ethenzamide/ethyl malonic acid. Cocrystal analysis suggests that ethenzamide
molecule adopt different conformation but a common hydrogen bonding motif are
observed. In the same year, he has reported a cocrystal of ethenzamide with 3,5-

dinitrobenzoic acid with two polymorphic forms.

In the year 2012, Aitipamula et al. has reported six cocrystals of ethenzamide
with salicylic acid, 2-chloro-4-nitrobenzoic acid, vanillic acid, 4-aminobenzoic acid, 4-
hydroxybenzoic acid and fumaric acid. Solubility and dissolution study suggests that
all the cocrystals were having faster dissolution rate and their equilibrium solubility is
higher than the parent ethenzamide. Przybylek et al. (2016) reported cocrystals of
ethenzamide with various benzoic acid derivatives and they studied the effect of
substituent group on cocrystallization. Hariprasad et al. (2016) reported cocrystals of
ethenzamide with gallic acid, nitrobenzoic acid isomers, and 3-toluic acid. Solubility
study of ethenzamide/gallic acid cocrystal suggested the two-fold increment in the
solubility of ethenzamide in the cocrystal when compared to ethenzamide as such.
Sarmah et al. (2017) reported cocrystals of ethenzamide with hydroxybenzoic acid

derivatives and studied the solubility of ethenzamide in ethenzamide cocrystals.
1.9 SCOPE AND OBJECTIVES OF PRESENT WORK

Pharmaceutical cocrystallization offers a considerable influence on the solid-
state properties of a drug substance, particularly its stability, solubility, and

bioavailability. Numerous research on pharmaceutical cocrystal proves that properties
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like crystal habit, bulk density, solubility, compressibility, friability, melting point,
hygroscopy, and dissolution rate of a drug substance can be improved without affecting
the biological activity of the drug substance. Apart from this, pharmaceutical
cocrystallization is an alternate way to purify a drug substance or drug intermediate
with a GRAS or non-GRAS substances. Research showed that racemic resolution of a
drug substance or intermediate can be achieved by pharmaceutical cocrystallization.
Pharmaceutical cocrystallization/salt formation based on the ApKa value of poorly
water-soluble drug substance which comes under biopharmaceutical classification
system, BCS class Il or class IV can be of great importance in order to improve the
performance of these classes of drug molecules. Further, cocrystallization technique
can be employed for the drug molecules which does not have any ionization site in the
molecular structure. This is one of the major advantages of cocrystallization technique.
The formation of salt/cocrystal is generally guided by a thumb rule i.e., if the difference
in the pKa value (pKa base-pKa acid), (ApKa) <-1, then there will not be any proton
transfer, the resultant component will be a cocrystal. If the ApKa>4, there will be a
complete proton transfer results in the formation of molecular salts. If the value of ApKa
lies in between -1 to 4 then the prediction of proton transfer is ambiguous. The resultant
product may be a salt or cocrystal. Like salt of two different APIs, cocrystals of two
drug molecules with improved physicochemical properties can also be prepared by
cocrystallization approach. Furthermore, Polymorphism of a drug molecule can be

controlled by the application of cocrystallization and these are liable for patentability.

Based on the above scope and thorough literature survey, following objectives were
proposed for the present research work,

i.  Selection APIs with poor/high aqueous solubility and permeability.

ii. Selection of coformer/salt former for a particular API based on the pKa values and
also based on the presence of complementary functional groups.

iii. Salt/cocrystal screening experiment by following any of the cocrystal synthesis
methods.

iv. Identifying the salt/cocrystal formation in the initial stages preferably by

determining melting point.
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v. Characterization of synthesized salt/cocrystal by DSC, POM, TGA, FT-IR, 'H
NMR, UV-Vis, PXRD and SC-XRD techniques.

vi. Comparison of synthesized salt/cocrystal structures with respect to crystal packing,
crystal density, and the interactions involved in the crystal structures.

vii. Evaluation of physicochemical properties such as solubility, hygroscopicity and

long-term stability associated with synthesized salt/cocrystal.

To summarize, the thesis work on pharmaceutical cocrystal/salt covers five
working chapters, which include design and synthesis of pharmaceutical
cocrystals/salts of various drug molecules with GRAS and non-GRAS molecules
followed by the evaluation of physicochemical properties such as stability and
solubility associated with the synthesized cocrystal/salt. Chapter 2 of the thesis work
discusses pharmaceutical cocrystals of anti-inflammatory drugs (flufenamic acid and
ethenzamide) and anti-viral drug (2-chloro-4-nitrobenzoic acid). The chapter confers a
detailed structural, solubility and stability study of the synthesized cocrystal and
compared the results with parent APIs. Chapter 3 of the thesis work talks about the
pharmaceutical salts of BCS Class Il drug ethionamide with GRAS and non-GRAS
compounds. Here again, the structural characterization, solubility, and stability of the
synthesized salts were evaluated and compared the results with parent ETH. The two
salts namely, ETH-CNB and ETH-2,3HBA in the work offer for the development of
drug-drug salts with ETH molecule. Chapter 4 describes the molecular salts of
common anti-inflammatory drugs mefenamic acid, tolfenamic acid, and naproxen with
aminopyridine derivatives. The detailed structural study and structural comparison
based on SC-XRD analysis and stability study (including long-term and
hygroscopicity) of drug-drug salts of these APIs with 4AP are reviewed in the work.
Chapter 5 of the thesis work discusses the cocrystal/salt of tranexamic acid, an anti-
fibrinolytic hemostatic drug. Here, the benzoic and carboxylic acid derivatives were
chosen for the salt/cocrystal screening. Eleven cocrystals/salt of TXA is reported in the
work and all the crystal structures were determined by SC-XRD techniques. Further,
Structural comparison and the stability study at room temperature is evaluated.
Furthermore, DFT calculation was employed to support the crystal structures

determined from SC-XRD analysis. Chapter 6 describes the cocrystal/salt of anti-
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fungal drug flucytosine with pharmaceutically acceptable coformers. A detailed
structural study, a structural comparison based on SC-XRD analysis, and
hygroscopicity study at accelerated humidity conditions are incorporated in the chapter.
Towards the end of the thesis, Chapter 7 describes the overall outcome of the entire

research work carried out on pharmaceutical cocrystal/salt.
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This chapter describes the design and synthesis of pharmaceutical cocrystals of
flufenamic acid, ethenzamide, and 2-chloro-4-nitrobenzoic acid drug molecules. The
chapter discusses the detailed structural characterization followed by a study of
physicochemical properties associated with the synthesized cocrystals.

2.1 INTRODUCTION

Flufenamic acid (FFA) is an anthranilic acid derivative with analgesic, anti-
inflammatory, and antipyretic properties. FFA along with meclofenamic acid are
widely used drug for the treatment of lower back pain and are administered orally and
topically. FFA belongs to biopharmaceutical classification system (BCS) Class Il drug
because of its low aqueous solubility (9.09 mg L) and high permeability (log p=5.25).
Research has been carried out to increase the solubility of FFA drug by numerous
techniques like amorphization using the inorganic carrier and forming a dispersion with
polyvinyl pyrrolidine. FFA exists in nine polymorphic forms, out of which only form |
and form 11l are commercially available. The report says that FFA displays an acute
(oral) potency 16 times that of aspirin, 12 times that of aminopyrine, 3.2 times that of
mefenamic acid, and 1.6 times that of phenylbutazole. Due to these harmful side
effects, and weak benefits compared to other NSAIDs, the use of FFA in medicine
remained somewhat limited. Ethenzamide (ETZ) is a non-steroidal anti-inflammatory
drug (NSAID) largely used as combination drug along with aspirin, dipyrone, allyl
isopropyl acetyl urea, caffeine and ibuprofen for the treatment of mild to moderate pain.
The main drawback of ETZ drug is the lower solubility and bioavailability which makes
it a superior challenge to enhance its solubility behavior through cocrystallization. 2-
chloro-4-nitrobenzoic acid (CNB) used as a novel potential therapy for the
immunodeficiency deceases such as an anti-viral and anti-cancer agent. It exists as
dimorphs in the solid state. CNB drug is recently released for administration in tablet
or injectable solution form for the treatment of immunodeficiency diseases and HIV
infections.

Pharmaceutical cocrystals of FFA, ETZ, and CNB have been reported recently
with GRAS and non-GRAS molecules. The reported cocrystals of FFA include
nicotinamide, theophylline, 2-pyrridone and 4, 4’-bipyridine. The remarkable

increment in the solubility of FFA was observed in FFA-nicotinamide and FFA-
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theophylline cocrystal. In all the reported cocrystal robust supramolecular acid-pyridine
heterosynthon was observed. A 1:1 cocrystal of ETZ and thiourea have been reported
in the literature. Aitipamula et al. synthesized various polymorphic cocrystals of
ethenzamide with saccharin, gentisic acid, ethylmalonic acid and 3, 5-dinitro benzoic
acid. They also synthesized pharmaceutical cocrystals with salicylic acid, 2-chloro-4-
nitrobenzoic acid, vanillic acid, 4-aminobenzoic acid, 4-hydroxybenzoic acid and
fumaric acid with enhanced solubility and dissolution rate. Przybylek et al. synthesized
cocrystals of ethenzamide with benzoic acid, 2-fluoro benzoic acid, 2-iodo benzoic
acid, salicylic acid, 2,4-dihydroxybenzoic acid, 2,5-dihydroxybenzoic acid, 2,6-
dihydroxybenzoic acid, 3,4-dihydroxybenzoic acid and 3,5-dihydroxybenzoic acid.
Several cocrystals and salts of CNB drug molecule are reported in the literature with
various amide and pyridine derivatives. Further, few solvates of CNB are also reported
in the literature.

In continuation of research on the development of new crystal forms of FFA, ETZ,
and CNB with improved physical properties, cocrystallization experiment has been
carried out and resulted in two drug-drug cocrystals of FFA with ETZ and CNB and a
cocrystal of ETZ and CNB with sinapic acid (SNP). The cocrystal of FFA with SNP is
not obtained in the crystallization process. Molecular diagrams of APIs and the
coformers are shown in Scheme 2.1. SNP used as a coformer is a nutraceutical
compound, a member of hydroxycinnamic acid family which occurs as a free acid and
in the form of an ester. It is found more commonly in the human diet as it is prevalent
in many fruits, medicinal plants, oilseed crops, vegetables, and cereals. SNP and its
derivatives exhibit a bundle of biological functions such as anti-inflammatory,
antioxidant, anti-anxiety and anti-carcinogenic activities which are beneficial to human
health. It also exhibits an antimicrobial activity which is vital for food preservation.
Thus, it has gained considerable interest in food, cosmetic and pharmaceutical
industries. In the present chapter, structural characterization, and physicochemical
properties of the synthesized cocrystals such as solubility and stability (hygroscopicity

and long-term stability) are evaluated and compared the result with the parent APIs.
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Scheme 2.1: Molecular diagram of APIs and the coformers.

2.2 EXPERIMENTAL SECTION

2.2.1 Material and methods

Flufenamic acid, 2-chloro-4-nitrobenzoic acid, and sinapic acid were purchased from
Sigma-Aldrich were used as such without any further purification. Ethenzamide was
purchased from Alfa Aesar. Analytical grade solvents were used for all the

cocrystallization experiments. Purified distilled water is used for the solubility study.

2.2.2 Solvent evaporation method for cocrystallization

Pure cocrystals were synthesized by solvent evaporation method at room temperature.
Experiments were performed with various solvents ranging from most polar to non-
polar solvents.

FFA-CNB Cocrystal: FFA (100 mg, 0.355 mmol) and CNB (71.55 mg, 0.355 mmol)
were taken in equimolar ratio and dissolved in 10 mL ethyl acetate solvent at room
temperature and left for slow evaporation at ambient conditions. Flake shaped orange-
colored crystals were obtained after 7 days with 1:1 stoichiometry in the cocrystal.
Other solvents like methanol, ethanol, dichloromethane, acetonitrile, acetone,

chloroform and tetrahydrofuran did not yield cocrystal.

FFA-ETZ Cocrystal: FFA (100 mg, 0.355 mmol) and ETZ (58.64 mg, 0.355 mmol)
were taken in equimolar ratio and dissolved in 10 mL ethanol solvent at 60 °C and left

for slow evaporation at ambient conditions. Flake shaped colorless crystals were
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obtained after 4 days with 1:1 stoichiometry in the cocrystal. Other solvents like

methanol, isopropanol/water yielded cocrystal with 1:1 stoichiometry.

ETZ-SNP Cocrystal: ETZ (100 mg, 0.6054 mmol) and SNP (135.73 mg, 0.6054 mmol)
were taken in equimolar ratio and dissolved in 10 mL of ethanol solvent at 80 °C and
left for slow evaporation at ambient conditions. Block-shaped orange-colored crystals
were obtained after 5 days with 1:1 stoichiometry in the cocrystal. The cocrystal was

obtained in methanol solvent as well.

CNB-SNP Cocrystal: The equimolar ratio of CNB (100 mg, 0.4961 mmol) and SNP
(111.24 mg, 0.49610mmol) was dissolved in 10 mL of ethanol solvent at 80 °C and left
for slow evaporation at ambient conditions. Flake shaped orange-colored crystals were
obtained after 5 days with 1:1 stoichiometry in the cocrystal. The cocrystal was

obtained in methanol solvent as well.

2.2.3 Solvent drop assisted grinding method

This method was carried out for the synthesis of the cocrystal in order to show a
different approach for the cocrystallization. This method again yielded good quality
crystals. In this method, equimolar amounts were ground with a few drop addition of
particular solvents (same solvent used for solvent evaporation method). This pasty
mixture is then dissolved completely in a particular solvent and then allowed for the
crystals to grow in ambient conditions. Since grinding is the particle size reduction
process, the solvent evaporation method is followed after grinding in order to get the
crystals.

2.2.4 Single crystal X-ray diffraction (SC-XRD): Single crystal X-ray diffraction
data for the cocrystals were collected on a Bruker Apex Il duo diffractometer with CCD
detector. Monochromatic Molybdenum (Mo) Ko radiation (A=0.7107 A) was used as a
source of radiation. Data collection was done at ambient conditions (296 K). All the
structures were solved by the direct method using SHELXL-2007/2014 software and
refinement was carried out by full-matrix least squares technique. Anisotropic
displacement parameters were calculated for all non-hydrogen atoms except for
disordered atoms. H atoms attached to the O/N atoms were located in a difference
Fourier density map and refined anisotropically. In some cases, hydrogen atoms were

fixed geometrically. All the diagrams were prepared using mercury 3.5.1/3.8 software.
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2.2.5 Powder X-ray diffraction (PXRD): PXRD analysis was carried out using Joel
(JDX-8P) powder X-ray diffractometer with Cu Ka radiation (A=1.54059 A). The
voltage and current applied were 40 kV and 30 mA. For a typical experiment, samples
were placed on the standard sample holder and then scanned continuously with a scan
rate of 2 °mint. The diffraction patterns obtained from the cocrystal screening
experiments were compared with that of parent API. The cocrystal formation was

confirmed by the appearance of new peaks in the diffraction patterns.

2.2.6 H NMR spectroscopy (NMR): *H NMR Spectrum was recorded on a Bruker
Biospin 400 MHz Spectrometer (Bruker, Germany). 'H NMR was recorded in a
DMSO-de/CDClI3 solvent with TMS as the internal reference standard. For the analysis,
approximately 5-10 mg of the samples were dissolved in a DMSO-de/CDCl3 solvent

and the spectrum was recorded with 16 numbers of the scan.

2.2.7 Fourier-Transform infrared spectroscopy (FT-IR): FT-IR Spectrum was
recorded on a Bruker Alpha Fourier Transform Infrared Spectrophotometer (FT-IR)
equipped with silicon carbide IR source. For the data acquisition, an attenuated total
reflectance accessory with a zinc selenide (ZnSe) crystal is used. All the samples were
recorded with 16 scans with a sample resolution of 4 cm™. Background data set was

measured with a clean ZnSe crystal.

2.2.8 Differential scanning calorimetry (DSC): DSC analysis was performed on a
DSC60 Differential Scanning Calorimetry (SHIMADZU, Japan) which was calibrated
for temperature and enthalpy using the tin standard material. In a typical experiment,
2-5 mg of samples were placed into an aluminum pan, and it was covered with a
crimped lid. This weighed, crimped aluminum pan was kept in the sample reference
cell and scanned from 30 °C to 250 °C at a heating rate of 10 °C/min under a

continuously purged dry nitrogen atmosphere.

2.2.9. Polarized optical microscopy (POM): INSTEC MK 2000 instrument was used
for recording the images of the synthesized salt/cocrystal at various temperatures. CCD
DSP color camera attached to the instrument is used for the photographs of the crystal
images. The instrument is operated at a heating rate of 10 °C/min and the samples were
heated continuously from 30 °C to 250 °C.
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2.2.10 Solubility measurement: Solubility measurements were performed on a UV-
Vis (Analytikjena Specord S600) Spectrometer in standard 3.5 mL quartz cells (2
optical windows) with a 10 mm path length. Individual linearity was performed for all
the APIs. For FFA, two absorption maxima were observed at 286 nm and 340 nm, for
ETZ absorption maxima were observed at 233 nm and 290 nm, and for CNB absorption
maxima was observed at 260 nm. For quantification of FFA in FFA-CNB, 286 nm was
chosen as the peak separation was observed in the cocrystal. In the FFA-ETZ cocrystal,
both FFA and ETZ maxima were merged together at 290 nm, and hence for
quantification of FFA 340 nm was chosen. SNP absorption maxima were observed at
235 nm, 302 nm, and 329 nm respectively. Clear separation of absorption maxima was
observed for CNB-SNP cocrystal, however, the peak was not separated properly in
ETZ-SNP cocrystal. Therefore, approximate solubility of ETZ is measured in ETZ-
SNP cocrystal. The Solubility measurement was done in Millipore water and in 0.1N
HCI (pH=1) at ambient temperature (~25 °C). In a typical experiment, an excess
quantity of each synthesized cocrystal was taken in 10 mL of Millipore water/0.1 N
HCI (pH=1) solution and it was stirred for 24 hours at ambient temperature. Upon
equilibrium, the sample was filtered through a 0.2 um syringe filter and the
concentration of the sample was determined by UV-Vis spectroscopy. Solubility is
calculated based on the equation, y=m*x+c

Where, m = slope, X = concentration, ¢ = constant and y = absorbance

In all the subsequent chapters, the experimental techniques (instruments) used
were same. Therefore, instrumentation part under experimental condition is not shown

in subsequent chapters.

2.3 RESULTS AND DISCUSSION

The cocrystal formation was initially confirmed by DSC and IR spectroscopy.
The as-synthesized cocrystals exhibited a difference in melting point in the DSC
analysis and the shift of the carbonyl stretching frequency in the FT-IR spectrum when
compared to that of precursor materials confirms the formation of cocrystal.
Subsequently, all the cocrystals were characterized further by SC-XRD, PXRD and *H
NMR analysis.

Department of Chemistry, NITK 46



CHAPTER 2

2.3.1 X-ray crystal structure of cocrystals

FFA-CNB: A 1:1 cocrystal of FFA and CNB was obtained by the solvent drop
grinding method as well as solvent evaporation method in ethyl acetate solvent. Crystal
structure details and the refinement parameters are listed in Table 2.1, the geometry of
intermolecular interactions in cocrystals are shown in Table 2.2. The asymmetric unit
in the cocrystal consists of one molecule each of FFA and CNB which belongs to
monoclinic crystal system with P 21/c space group (Figure 2.1a). Two point acid-acid
homosynthon between FFA and CNB with O-H-O bond distance of 2.572 A and
2.701A (£173.4° and 2£166.65°) was observed in the cocrystal. The primary
supramolecular adduct is interconnected to the neighboring component though a weak
self-complementary C-H---O hydrogen bond (3.480A and 3.459 A) of FFA and CNB
(C12H5--02 and C18H8---O6) resulting in a tetrameric unit as shown in the figure
(Figure 2.1b). Each tetrameric unit is interconnected to the adjoining units through a
C-H--O (3.518 A, £156°) hydrogen bond of FFA and CNB (C-H of FFA and O of
CNB) to form one dimensional (1D) sheet (Figure 2.2). The resultant 1D sheet is
further connected to the neighboring sheets through a weak halogen bond interaction of
F--CI (3.150 A) involving fluorine atom of FFA and chlorine atom of CNB and weak
C-H--F (3.335 A, £170.02°) hydrogen bond between CNB and FFA molecules to form
a 2D sheet-like structure. The stacking interaction between FFA and CNB molecule
was observed with centroid to centroid bond distance of 3.821 A. Overall F--Cl and C-
H--F secondary bond interactions are accountable for the crystal stabilization and the
sheet-like structure of FFA-CNB cocrystal (Figure 2.3). Color code for the atoms are,
gray: carbon; off-white: hydrogen; red: oxygen; blue: nitrogen; green: chlorine; green:

fluorine.
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C-H:--O hydrogen bond
Figure 2.1: Asymmetric unit (a) and tetrameric unit (b) of FFA-CNB cocrystal.
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Figure 2.2: Supramolecular 1D sheet stabilized by C-H--O hydrogen bond.

Cl---F halogen bond

C-H--F hydrogen bond

Figure 2.3: 3D Structure of FFA-CNB cocrystal stabilized via C-H-F and Cl---F
interactions.

FFA-ETZ: A 1:1 cocrystal of FFA and ETZ was obtained by solvent
evaporation/solvent drop grinding method in an ethanol solvent. The asymmetric unit
in the cocrystal consists of one molecule each of FFA and ETZ which belongs to
triclinic crystal system with P1 space group (Figure 2.4a). Two point Robust
supramolecular acid-amide heterosynthon (N-H:--O distance of 2.983 A and O-H:-O
distance of 2.566 A) was observed in the crystal structure with R,2(8) ring motifs. In
the crystal structure, two adjacent supramolecular units were interconnected through
weak C-H-O (3.396 A, £172.89° and 3.486 A, £134.62°) hydrogen bond of FFA and
ETZ, which is resulting in a tetrameric unit of FFA-ETZ cocrystal (Figure 2.4b). Each
tetrameric unit connected to the neighboring unit through weak C-H--m interaction
(2.895 A) involving C-H of FFA and = system of ETZ, C-H-- interaction (2.738 A)
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involving C-H of CH: group of ETZ and & system of FFA and n-n interaction between
FFA and ETZ molecule with centroid to centroid distance of 3.355 A respectively
(Figure 2.5).

heterosynthon

Figure 2.4: Asymmetric unit (a) and tetrameric unit (b) in the FFA-ETZ cocrystal.

C-H---m interaction

T-T interaction

Figure 2.5: 3D representation of FFA-ETZ cocrystal.

ETZ-SNP: The cocrystal was crystallized in monoclinic crystal system with space
group P 21/c. The asymmetric unit consists of one molecule each of ETZ and SNP, and
the molecules in the crystal structure interacted through robust acid-amide
heterosynthon with O-H--O and N-H:-+O bond distance of 2.571 A and 2.941 A
respectively (Figure 2.6). The two neighboring supramolecular units were
interconnected through O-H---O hydrogen bond (2.775 A) between SNP molecules (4-
hydroxy group and carbonyl group), which further continues forming a 1D structure of
SNP-ETZ cocrystal (Figure 2.7). The 1D structure converts to the 2D structure by
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utilizing weak C-H--O hydrogen bond (3.458 A) between ETZ and SNP molecule
(Figure 2.8). The 2D structure further converts to the 3D structure using C-H-x
interaction (3.633 A) between SNP molecule.

"~ Acid--amide heterosynthon

Figure 2.6: Asymmetric unit of ETZ-SNP cocrystal.
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O-H:---O hydrogen bond

Figure 2.7: 1D representation of ETZ-SNP cocrystal.
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Figure 2.8: 2D sheet-like structure of ETZ-SNP cocrystal.
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CNB-SNP: It was crystallized in monoclinic crystal system with space group P 21/c.
The asymmetric unit in the crystal structure consists of two molecules each of SNP and
CNB, where, the molecules interacted through robust acid-acid homo synthon. Two
different interaction distances were observed for the acid-acid homosynthon between
SNP and CNB (Figure 2.9). In the first instance, the O-H--:O bond distance is 2.631 A
and 2.632 A, and in the second instance, the O-H---O bond distance is 2.648A and 2.670
A. These two dimers were interconnected through O-H--O hydrogen bond (2.895 A)
between the hydroxyl group of SNP and acid group of SNP. The supramolecular units
were further connected through O-+O chalcogen bond (2.888 A) resulting in a 1 D
structure of SNP-CNB cocrystal (Figure 2.10). The 1D structure of SNP-CNB
cocrystal expands to 2D using C-H---Cl and C-H---O hydrogen bond between SNP and
CNB molecules. This further converted to the 3D structure by utilizing week C-H:--Cl
hydrogen bond (3.784 A) and n-r interaction between SNP and CNB molecule with
centroid to centroid distance of 3.289 A. The overall crystal structure of SNP-CNB
features week C-H---O hydrogen bond between a nitro group of CNB and C-H group of
SNP, C-H--O hydrogen bond between C-H group of CNB and carbonyl group of SNP,
and C-H---O hydrogen bond between two SNP molecules (Figure 2.11).

“ Acid-acid homosynthon

Figure 2.9: Asymmetric unit of CNB-SNP cocrystal.

O-H---O hydrogen bond

Figure 2.10: 1D representation of CNB-SNP cocrystal.
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C-H:--Cl hydrogen bond

Figure 2.11: The 2D sheet-like structure of CNB-SNP cocrystal stabilized via C-H:--O

and C-H---Cl hydrogen bond.
Table 2.1: Crystal structure details and the refinement parameters of FFA cocrystals.

Cry“g;f;;‘s‘““re FFA-CNB FFA-ETZ | ETZ-SNP | CNB-SNP
CCDC number 1448785 1448786 1581650 1581652
Mol. formula C21H14C|F3N206 CasH21F3N204 C20H23N07 C18H16C|N09
Molar mass 482.79 446.42 389.39 425.77
crystal system Monoclinic Triclinic monoclinic | Monoclinic
Space group P21/c P1 P21/c P21/c
alA 7.6335(2) 7.6281(3) 14.055(2) 11.3470(6)
b /A 32.1379(9) 8.8078(3) 16.2149(18) 35.018(2)
c/A 8.4402(3) 17.4273(6) 8.6090(12) 9.3902(5)
o/° 90 103.788(2) 90 90
B/° 95.1710(10) 94.744(2) 97.404(6) 97.673(3)
v/° 90 102.941(2) 90 90
Volume/ A3 2062.16(11) 1096.75(7) 1945.7(4) 3697.8(4)
Z 4 2 4 8
Density [g/cmq] 1.513 1.352 1.329 1.530
u (MoKa) [mm™] 0.253 0.110 0.101 0.261
TIK 296 (2) 296 (2) 296(2) 296(2)
Reflns collected 4069 3845 4670 7421
Unique rflns 3573 3042 3036 4517
Parameter refined 354 373 266 535
R1(I> 20) 0.0670 0.0667 0.0642 0.0594
wR 2 (I>20) 0.2139 0.1858 0.1723 0.1644
GOF 1.452 1.098 0.951 1.025
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Table 2.2: Geometrical parameters of the intermolecular interactions in the cocrystals.

Cocrystal D-H--A? H.,;S.\A/ D-AA/ <D-H-+A/ Symmetry code
FFA-CNB C6-H1--Cll 2.988 | 3.887 164.41 x-1,y,2
C20-H6-F3 2.398 | 3.335 170.04 x+1, -y+1/2, z+1/2
N1-H1--O5 1.878 | 2.650 137.90 X, Y,z
O3-H12:--05 1.664 | 2.572 173.33 X, Y, z-1
06-H14:-04 1.743 | 2.702 166.72 X, Y, z+1
FFA-ETZ N1-H2--O1 2.067 | 2.983 170.37 X, Y, Z
N1-H1--0001 2.001 | 2.658 130.02 X, Y,z
N2-H9--O1 1.929 | 2.665 140.03 X, Y, Z
02-H18:---03 1.677 | 2.566 168.67 X, Y, Z
C10-H10--03 2521 | 3.202 130.27 X, y-1/2, -z+1/2
0O3-H10--03 2.230 | 2.660 112.98 X, Y, Z
03-H10--04 2.078 | 2.775 142.71 X, y+1/2, -z+1/2
ETZ-SNP
O5-H5A--06 1.766 | 2.571 166.84 X,y-1,2
N1-H2--08 1.955 | 2.646 137.68 X, Y, Z
N1-H1---O4 2.088 | 2.940 167.79 X, y+1,z
C9-H9---017 2434 | 3.214 140.93 x-1,y, z+1
C16-H16--O11 | 2.424 | 3.299 156.85 -X, y+1/2, -z+3/2
C17-H17A--C12 | 2.939 | 3.785 147.64 X, =Y, -Z+2
C17-H17B--CI2 | 2.891 | 3.788 155.82 X, Y,z
C18-H18B--Cll | 2.732 | 3.432 130.28 X, Y, Z
C22-H22--05 2.629 | 3.476 151.75 X, y-1/2, -z+3/2
C27-H27--08 2.430 | 3.213 141.83 X, Y,z
C30-H30--01 2425 | 3.313 159.72 -x+1, y-1/2, -z+1/2
CNB-SNP | C35-H35B--CIl1 | 2.962 | 3.831 151.29 X, Y, Z
C36-H36B--Cl2 | 2.965 | 3.428 133.64 x+1,y, z-1
06-H6A--04 1.856 | 2.671 172.04 x-1,y, z+1
08-H8:-09 2.156 | 2.614 115.37 X, Y, Z
08-H8--014 2.156 | 2.895 149.93 X, Y,z
O12-H12A--0O15 | 1.819 | 2.632 170.95 X, Y,z
O14-H14---013 | 1.819 | 2.631 170.30 X, Y, Z
O17-H17--016 | 2.237 | 2.678 114.08 X, Y,z
03-H10--05 1.827 | 2.648 166.80 x+1,y, z-1

aD-donor, A-acceptor

2.3.2 Spectroscopic analysis of cocrystals
2.3.2.1 FT-IR spectroscopy

Synthesized cocrystals were analyzed by FT-IR spectroscopy to confirm the
cocrystal formation by comparing the spectrum with their respective starting materials.

In pure FFA, CNB, ETZ, and SNP the carbonyl stretching frequencies were observed
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at 1650 cm™, 1705 cmt, 1625 cm™, and 1657 cm™ respectively. Considerable changes
in the stretching frequencies were observed for cocrystals compared with starting
materials. The synthesized cocrystals exhibited —C=0 stretching frequency at 1670 cm’
! for FFA-CNB, 1668 cmin the case of FFA-ETZ cocrystal, 1659 cm™ for ETZ-SNP,
and 1684 cm for CNB-SNP cocrystal. Blue shift in carbonyl stretching frequency was
observed in FFA-ETZ cocrystal. This is probably due to the fact that carbonyl group of
ethenzamide is involved in a bifurcated hydrogen bond with FFA molecule. Apart from
the carbonyl stretching frequency, a shift in hydroxyl (—-OH) stretching frequency was
observed for the cocrystals. The shift in stretching frequencies are displayed in Table

2.3. Comparison plot of FT-IR spectra is shown in Figure 2.12.
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Figure 2.12: Comparison of FT-IR spectra of a) FFA-CNB b) FFA-ETZ, c) ETZ-
SNP, and d) CNB-SNP cocrystal with respect to starting materials.

Table 2.3: Comparison of stretching frequency of cocrystals with starting materials.

Crystal forms -C=0 stretch (cm™) | -OH stretch (cm™?)

FFA 1650 3319

CNB 1705 -

ETZ 1625 -

DNB 1700 -

SNP 1657 -
FFA-CNB 1670 3344
FFA-ETZ 1668 3448
ETZ-SNP 1659 3435, 3291
CNB-SNP 1684 -

2.3.2.2 'H NMR spectroscopy

H NMR spectroscopy was carried out to confirm the molecular stoichiometry
of the synthesized cocrystals. The analysis was carried out in DMSO-ds as a solvent
with TMS as internal reference standard. ETZ-SNP analysis is performed in a CDCls
solvent. All the cocrystals showed a 1:1 molecular stoichiometry in the asymmetric

unit. The chemical shift (3) and the coupling constant (J) value in the cocrystal is
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described below. The *H NMR spectrum of cocrystals is shown in Figure 2.13-Figure
2.16.

FFA-CNB (DMSO-ds, 6ppm):14.0 (1H, s), 13.2 (1H, s), 9.67 (1H, s), 8.361-8.356 (1H,
d (J=24 Hz)), 8.259-8.233 (1H, m), 8.015-7.993 (1H, d (J=8.8 Hz)),7.948-7.923 (1H,
dd (J=16 Hz)), 7.552-7.481 (3H, m), 7.466-7.442 (1H, t), 7.350-7.296 (2H, m), 6.918-
6.877 (1H, t (J=4 Hz)).

FFA-ETZ (DMSO-ds, ppm): 13.22 (1H, s), 9.691 (1H, s), 7.94 (1H, s), 7.82 (1H, s),
7.594-7.549 (5H, m), 7.462 (2H, s), 7.348-7.316 (2H, m), 7.124 (1H, s), 7.028-7.013
(1H, d (J=6 Hz)), 6.910-6.895 (1H, d (J=6 Hz)), 4.17 (2H, t), 1.402-1.387 (3H, t (J=6
Hz)).

ETZ-SNP (400 MHz, CDCl3 8ppm): 8.22-8.20 (1H, d (J=8 Hz)), 7.93 (1H, s), 7.68-
7.64 (1H, d (J=16 Hz)), 7.47-7.43 (1H, t (J=8 Hz)), 7.08-7.04 (1H, t (J=8 Hz), 6.97-
6.95 (1H, d (J=8 Hz)), 6.79 (1H, s), 6.58 (1H, s), 6.34-6.30 (1H, d (J=16 Hz)), 4.23-
4.18 (2H, q (J=8 Hz)), 3.92 (6H, s), 1.53-1.49 (3H, t (J=8 Hz)).

CNB-SNP (400 MHz, DMSO-ds, Sppm): 8.92 (1H, s), 8.36-8.35 (1H, d (J=4 Hz)), 8.26-
8.23 (1H, dd (J=8 Hz)), 8.01-7.99 (1H, d (J=8 Hz)), 7.51-7.47 (1H, d (J=16 Hz)), 6.98
(2H, s), 6.43-6.39 (1H, d (J=16 Hz)), 3.80 (6H, s).
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14 12 10 ¢ ] 2 ppm

“ “i |

Figure 2.13: *H NMR spectrum of FFA-CNB cocrystal.
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Figure 2.15: *H NMR spectrum of ETZ-SNP cocrystal.
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Figure 2.16: *H NMR spectrum of CNB-SNP cocrystal.

2.3.3 DSC and POM analysis
In the present study, DSC analysis was performed to determine the melting point
of the synthesized cocrystals and to study the thermal behavior of synthesized
cocrystals. The melting temperature for the cocrystal FFA-CNB, FFA-ETZ, ETZ-SNP,
and CNB-SNP were observed at 136.81 °C, 89.46 °C, 148.94 °C, and 188.42 °C
respectively. The melting point of APIs, coformer and cocrystals are displayed in Table
2.4. FFA-CNB, ETZ-SNP, and CNB-SNP cocrystals melt exactly in between the
melting point of its constituent starting materials, whereas FFA-ETZ cocrystal melts at
lower temperature compared to its starting materials. This is probably due to the loose
crystal packing of FFA-ETZ cocrystal when compared to other cocrystals, which is
reflected in the low crystal density of the cocrystal. However, ETZ-SNP crystal density
was slightly lower than FFA-ETZ cocrystal. In FFA-ETZ cocrystal the secondary
interactions were found to be fewer, whereas in ETZ-SNP O-H--O hydrogen bond
associated with hydroxy group of SNP is observed, and due to this stronger hydrogen
bond melting temperature was found to be more compared to FFA-ETZ. Single
endothermic peak was observed for all the cocrystals in the DSC analysis suggests that
there is no phase transformation in the cocrystal and it is thermally stable (Figure 2.17).
Apart from DSC analysis, POM analysis was carried out for the cocrystals
to demonstrate the thermal stability. The images of the cocrystals at different

temperature were taken during heating to check the morphological changes in the
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cocrystals. It is found that all the four cocrystals exhibited thermal stability during

heating till the cocrystal melts. The POM images of the cocrystals are shown in Figure
2.18.

Table 2.4: Melting point of FFA, coformers and cocrystals.

API (°C) Coformer (°C) Cocrystal (°C)
(FFA) 135.45 (FFA-CNB) 136.81
(CNB) 141.00 (FFA-ETZ) 89.46

(SNP) 202.00
(ETZ) 129.03 (ETZ-SNP) 148.94
(CNB-SNP) 188.42

CNB-SNP

~—

———

FFA-CNB K
FFA-ETZ \/

e

FFA \/

T T T T T T T T T T T T T T T T T

40 60 80 100 120 140 160 180 200 220
Temperature (°C)

Figure 2.17: DSC plots of APIs and the cocrystals.

2.3.4 Crystal structure comparison between cocrystals

ETZ-SNP

Heat flow (mW)

FFA-CNB and CNB-SNP cocrystal have formed via supramolecular acid---acid
homosynthon, whereas FFA-ETZ and ETZ-SNP cocrystal uses supramolecular
acid---amide heterosynthon. Off all these cocrystals, the density of ETZ-SNP was found
to be least, however, the melting temperature was found to be higher than that of FFA-
ETZ cocrystal though the crystal density is higher for FFA-ETZ cocrystal. This is
probably due to the interactions associated with the crystal structure. In ETZ-SNP
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cocrystal, in addition to acid-made heterosynthon, strong O-H-O hydrogen bond
between a hydroxy group of SNP molecule and the carbonyl group of SNP is observed.
The higher melting is probably attributed to this O-H--O hydrogen bond which was not
observed in FFA-ETZ cocrystal. In the case of FFA-CNB cocrystal, Cl-+-F halogen bond
and C-H--F hydrogen bond secondary interactions were observed. Whereas in CNB-
SNP cocrystal, halogen bond was not observed, however, weak C-H--F hydrogen bond
is observed. The crystal density was found to be higher for CNB-SNP cocrystal, and

therefore the melting temperature too was higher for this cocrystal.
g, = (B .~ aP |

Figure 2.18: POM images of cocrystal at various temperature (1% row (from top): FFA-
CNB, 2" row: FFA-ETZ, 3" row: ETZ-SNP, and 4" row: CNB-SNP.

2.3.5 PXRD analysis

The PXRD analysis was carried out to check the bulk purity of the synthesized
cocrystals. Experimentally observed PXRD pattern was compared with the simulated
PXRD pattern obtained from SC-XRD analysis and it substantiates the bulk purity of
the synthesized cocrystal (Figure 2.19-2.22).
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Figure 2.19: Comparison of experimental and simulated PXRD pattern of FFA-CNB

cocrystal.
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Figure 2.20: Comparison of experimental and simulated PXRD pattern of FFA-ETZ
cocrystal.
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Figure 2.21: Comparison of experimental and simulated PXRD pattern of ETZ-SNP

cocrystal.
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Figure 2.22: Comparison of experimental and simulated PXRD pattern of CNB-SNP

cocrystal.

Department of Chemistry, NITK 63



CHAPTER 2

2.3.6 Stability study of cocrystals
Hygroscopicity study and long-term stability:

The hygroscopicity of the synthesized cocrystals was evaluated in the present
study by a conventional method at accelerated conditions. FFA, ETZ, and CNB are
found to be non-hygroscopic, however, upon heating and storage condition,
polymorphic phase transformation in FFA was reported in the literature. In the
conventional method, a known quantity of the sample (cocrystal) was kept in a
desiccator which was filled with saturated sodium chloride solution to maintain the
humidity of ~75% RH. The weight of the samples was recorded periodically (every 24
hours) for a time period of 7 days to check the absorbance of a water molecule. All the
synthesized cocrystals in the present study were found to be non-hygroscopic as there
was no change in the weight of the sample and it was further confirmed by analyzing
PXRD analysis (Figure 2.23 & Figure 2.24). No changes in the diffraction patterns
were observed before and after hygroscopic study in the PXRD analysis. From the
above-studied data (weight loss method and PXRD analysis) it was concluded that the
cocrystals are non-hygroscopic at ~75% RH at ambient temperature (~25 °C).

Long-term stability study was performed for the synthesized cocrystals at
ambient temperature (~25 °C) for a time period of six months. A known quantity of the
synthesized cocrystals was kept at room temperature for a period of six months. The
phase purity of the stability sample was confirmed by PXRD analysis (Figure 2.25 &
Figure 2.26). It was observed that the synthesized cocrystals are stable for about six

months at ambient conditions.
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FFA-ETZ Moisture exposed

FFA-ETZ initial
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Figure 2.23: PXRD comparison pattern of FFA-CNB and FFA-ETZ cocrystal initial
and after moisture exposure.
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Figure 2.24: PXRD comparison pattern of ETZ-SNP and CNB-SNP cocrystal initial
and after moisture exposure.
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TTA-ETZ after six months
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Figure 2.25: Comparison of PXRD pattern of FFA-CNB and FFA-ETZ cocrystal initial
and after six months.
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Figure 2.26: Comparison of PXRD pattern of ETZ-SNP and CNB-SNP cocrystal initial
and after six months.
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2.3.7 Solubility study

The APIs drug solubility and the synthesized cocrystals drug solubility were
measured in purified water as well as in 0.1 N HCI solution (pH=1) at ambient condition
(~25 °C). In a typical experimentation, excess powder samples of FFA, ETZ, CNB and
the cocrystals were taken in the minimum quantity of water/0.1N HCI solution (pH=1)
separately and stirred for 24 hours at ambient temperature. Aliquots were taken out and
filtered through a syringe filter (0.2 um) and upon dilution with water, drug content was
quantified by UV-Vis spectroscopy. The standard linearity curve of the drug molecules
are shown in Figure 2.27. The solubility data are summarized in Table 2.5. Dilution
correction has been included in the calculation part. From the solubility data, it was
observed that FFA solubility was increased by two-fold when it is in FFA-CNB
cocrystal and the solubility was comparable with FFA (as such) in FFA-ETZ cocrystal
in Millipore water. However, the solubility of ETZ and CNB in the cocrystal is slightly
lower when compared with parent drugs. The solubility experiment in 0.1 N HCI
(pH=1) showed good improvement in the solubility of FFA in the cocrystals, as both
the cocrystal exhibited about 5 times more solubility when compared to FFA as such.
The solubility of ETZ and CNB in the cocrystals in 0.1N HCI solution is drastically

decreased. This may probably due to the drug-coformer interactions in the cocrystal.

Table 2.5: Solubility of APIs and cocrystals in water and in 0.1 N HCI solution (pH=1)
at ~25 °C.

Solubility in water
Solid form Equilibrium solubility of APIs (mg/L)*
FFA 52.00
ETZ 1156
CNB 2745
FFA-CNB 105.5 (x2.03)
FFA-ETZ 50.80
ETZ-SNP 1070
CNB-SNP 1077
Solubility in 0.1 N HCI solution (pH=1)
FFA 48.6
ETZ 1784
CNB 2490
FFA-CNB 266.0 (x5.47)
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FFA-ETZ 253.0 (x5.21)
ETZ-SNP 1090
CNB-SNP 264

* Values in the parenthesis indicates the extent of increment in the solubility of FFA in
FFA-CNB and FFA-ETZ cocrystal.
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Figure 2.27: Standard linearity curves of a) FFA, b) ETZ, and c) CNB drug molecules.

2.4  CONCLUSIONS

In conclusion, four novel pharmaceutical cocrystals of anti-inflammatory and
anti-viral drugs have been synthesized by crystal engineering approach and
characterized by various spectroscopic and thermal techniques. The crystal structures
of the synthesized cocrystals were determined by SC-XRD analysis. FFA-CNB
cocrystal and CNB-SNP cocrystal was formed via supramolecular acid-acid
homosynthon and in FFA-ETZ and ETZ-SNP cocrystals, two point supramolecular
acid-amide heterosynthon was observed. The synthesized cocrystals were found to be
non-hygroscopic at accelerated humid conditions (~75% RH). The solubility study in

purified water suggested that FFA solubility is increased by two-fold when it is in the
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form of FFA-CNB cocrystal and the solubility of FFA in FFA-ETZ cocrystal is found
to be nearly same as that of FFA. The greater extent (~5 fold) of increment in the
solubility of FFA was observed in FFA-CNB and FFA-ETZ cocrystal in 0.1 N HCI
(pH=1) solution. There was no increment in the solubility of ETZ and CNB in the
cocrystal was observed in both purified water and in 0.1N HCI solution. Further, all the
synthesized cocrystals were found to be stable for a period of six months at ambient
temperature (~25 °C) and accordingly, these cocrystals offer an opportunity to develop
the new drug product with FFA, CNB, and ETZ drug molecules.
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CHAPTER 3

This chapter describes the design and synthesis followed by structural
characterization and study of physicochemical properties of ethionamide salt/cocrystal
with  GRAS counter ions. Physicochemical properties such as solubility and
hygroscopicity study were performed and compared the results with parent
ethionamide API.

3.1 INTRODUCTION

Ethionamide (ETH) (Figure 3.1) is an antibiotic used for the treatment of
Tuberculosis (TB). ETH belongs to BCS Class Il drug having poor aqueous solubility
and high permeability. The solubility of ETH was estimated as 0.84 mg/mL in water
media (drug bank). ETH is a second line anti-tuberculosis drug, an analog of isoniazid
sold in the market under the brand name of Trecator or Trecator SC. The
pharmacokinetic profile of the ETH hydrochloride salt (250 mg dosage) in humans
shows a Cmax value of 1.94 pg/mL at Tmax 0f 1.75 h. In another study, pharmacokinetics
were reported upon administration with food, orange juice or antacids in healthy human
volunteers (ETH free base, 500 mg dosage) and exhibited Cmax 2.3 pg/mL at Tmax 1.70
h. However, in all these studies much differences were not observed in the
administration of ETH drug.

S NH2

=

N
N

Ethionamide (ETH)

Figure 3.1: Molecular diagram of ethionamide (ETH).

ETH is used for the treatment of multi-drug resistant TB in combination with
drugs like aminoglycoside, fluoroquinolone, isoniazid, pyrazinamide, rifampicin,
ethambutol, and cycloserine to minimize the drug resistance. A combination of ETH
and gatifloxacin, an antibiotic drug has also been proposed. Only one reformulation of

ETH was developed in 2005 since the discovery in 1956, where a sugar-coated tablet
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was replaced by a film-coated tablet. ETH is included in the list of WHO’s most

essential medicines needed in a basic health system.

Pharmaceutical salts and cocrystals of ETH drug molecule with various
carboxylic acid coformers have been reported in the literature. Cristiane et al.
synthesized three molecular salts of ETH with saccharin, maleic acid, and oxalic acid.
It was reported that ETH-maleate was highly soluble though it was less stable compared
to pure ETH. Mannava et al. synthesized five cocrystals of ETH with glutaric acid,
adipic acid, suberic acid, sebacic acid, fumaric acid and a salt of oxalic acid. The
remarkable increment in the solubility of ETH was observed in ETH-oxalate salt. In all
the reported molecular salt/cocrystal supramolecular neutral/charge assisted
acid--pyridine heterosynthon was observed. Apart from neutral ETH structure,
hexafluorosilicate, hydrochloride, nitrate and hydrobromide salts were reported.
Though few cocrystal/salts of ETH are reported in the literature, however, a study on
salt/cocrystal formation with benzoic acid derivatives were not witnessed in the
literature. Thus, benzoic acid derivatives have chosen in the present work with the
intention to increase the solubility of ETH drug molecule as hydroxybenzoic acids are

more soluble than ETH in aqueous media.

In the present chapter, four molecular salts of ETH are reported. Molecular
diagrams of ETH and the counter ions namely, 2-chloro-4-nitrobenzoic acid (CNB),
2,6-dihydroxybenzoic acid (2,6HBA), 2,3-dihydroxybenzoic acid (2,3HBA) and 2,4-
dinitro benzoic acid (DNB) are shown in the Scheme 3.1. The counter ions are selected
in the present study is based on their pKa values, further, these molecules are considered
as GRAS molecules except DNB. CNB counter ion used in the present study is a
potential anti-viral and anti-cancer agent exists as dimorph in the solid state. 2,3HBA
and 2,6HBA are substituted hydroxybenzoic acids. 2,3HBA found in phyllanthus
acidus fruit and in aquatic fern salvinia molesta. It is an iron-chelating drug and also

has antimicrobial properties. It is also a product of human aspirin metabolism.
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S NH2 (0] OH

/

NO,

Ethionamide (ETH) 2-chloro-4-nitrobenzoic acid (CNB)  2,6-dihydroxybenzoic acid (2,6HBA)

HO 0}

NO
HO 2

HO
NO,

2,3-dihydroxybenzoic acid (2,3HBA) 2,4-dinitrobenzoic acid (DNB)
Scheme 3.1: Molecular diagrams of ETH and counter ions.

3.2 EXPERIMENTAL SECTION

3.2.1 Materials

Ethionamide was purchased from TCI Chemicals, Japan. 2-chloro-4-nitrobenzoic acid,
2,3-dihydroxybenzoic acid, 2,6-dihydroxybenzoic acid, and 2,4-dinitrobenzoic acid
were purchased from Sigma-Aldrich. All the chemicals were used as such without any
further purification. Analytical grade/HPLC grade solvents were used for the

crystallization experiment. Deionized purified water was used in the experiments.

3.2.2 Synthesis by solvent evaporation method
All the molecular salts reported in the present study were synthesized by a solvent

evaporation method in various solvents.

ETH-CNB salt: ETH (50 mg, 0.301 mmol) and CNB (60.62 mg, 0.301 mmol) were
taken in 25 mL beaker and dissolved in 5 mL of methanol solvent at room temperature.
This clear orange colored solution was then allowed for slow evaporation at room
temperature. Block-shaped orange colored crystal was obtained in 1:1 molecular

stoichiometry after 2 days.

ETH-2,6HBA salt: ETH (50 mg, 0.301 mmol) and 2,6HBA (46.39 mg, 0.301 mmol)

were taken in 25 mL beaker, dissolved in 10 mL of methanol solvent at room
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temperature. It was left for slow evaporation at ambient temperature. Block-shaped
orange colored crystal was obtained after 4 days with 1:1 stoichiometry in the molecular

salt.

ETH-2,3HBA salt: ETH (50 mg, 0.301 mmol) and 2,3HBA (46.39 mg, 0.301 mmol)
were taken in 25 mL beaker, dissolved in 10 mL of methanol solvent at room
temperature. This clear solution was then left for slow evaporation at ambient
temperature. Block-shaped orange colored crystal was obtained after 4 days with 1:1

stoichiometry in the molecular salt.

ETH-DNB salt: ETH (50 mg, 0.301 mmol) and DNB (63.85 mg, 0.301 mmol) were
taken in 25 mL beaker, dissolved in 10 mL of 5% water in ethanol solvent at 60 °C
temperature. This clear solution was allowed for slow evaporation at room temperature.
Block-shaped yellow colored crystal was obtained after 6 days with 1:1 stoichiometry
in the molecular salt.

3.2.3 Thermogravimetric analysis (TGA): TGA analysis was performed on a
PerkinElmer (TGA4000/Pyris6) instrument in a temperature range of 40 °C to 350 °C
with a scan rate of 10 °C/minute under a continuously purged nitrogen atmosphere. For
the analysis, weighed sample was kept on a ceramic crucible and scanned continuously
from 40 °C to 350 °C.

3.2.4 Solubility study: Solubility measurements for ETH and the synthesized salts
were performed on UV-Vis (Analytikjena Specord S600) Spectrometer in standard 3.5
mL quartz cells (2 optical windows) with a path length of 10 mm. The linearity of ETH
drug molecule is performed in ACN solvent. Absorption maximum for ETH was
observed at 291 nm. All the coformer absorption maxima were clearly separating from
the ETH maxima. Solubility measurement was done in 0.1 N HCI solution and in
purified distilled water at ambient condition (~25 °C). For the experiment, an excess
quantity of synthesized salt was taken in 2 mL of respective dissolution media (0.1 N
HCI and water) and it was shaken for 40 hours in a mechanical shaker (ORBITEK,
Scigenics biotech) at ambient temperature. Upon equilibrium, the sample was filtered
through a 0.2 pm syringe filter, diluted sufficiently with acetonitrile solvent (using
standard volumetric flask) and then the concentration of the sample was determined by
UV-Vis spectroscopy. Dilution correction has been included in the calculation part.

Department of Chemistry, NITK 74



CHAPTER 3

3.3 RESULTS AND DISCUSSION

ETH is a weak base having pKa value of 5.0 (for pyridyl N). The difference in
the pKa values for all the chosen counter ions was found to be above 3, thus it was
expected that salt formation is favorable over cocrystal formation except for 2,3HBA
salt former where the ApKa value was found to be in between 0-3. The resultant product
may be a salt or cocrystal. The prediction of salt/cocrystal is ambiguous in this case.
The pKa and ApKa values of ETH and the counter ions are listed in Table 3.1.
Synthesized molecular salts in the present study were initially confirmed by
determining their melting points and compared with their respective starting materials.
All the synthesized salts were further characterized by FT-IR, PXRD, *H NMR and SC-
XRD techniques.

Table 3.1: pKa & ApKa values of ETH and counter ions.

Counter ion ApKa (pKal- Molecular
API pKal
pKa2 pKa2) adducts formed
CNB-1.96 3.04 Salt/cocrystal
Ethionamide (ETH)- 2,6HBA-1.30 3.70 Salt
5.0 2,3HBA-2.91 2.09 Salt
DNB-1.43 3.57 Salt

3.3.1 X-ray crystal structure of molecular salts

ETH-CNB: A 1:1 molecular salt/cocrystal of ETH-CNB was obtained in methanol
solvent, which was crystallized in monoclinic crystal system with P 21/n space group.
Both charge assisted and neutral two point supramolecular heterosynthon was observed
in this molecular components. This was further confirmed by the shift in CNC bond
angle (£122.17° for ionic and 119.83° for neutral supramolecular units). Primary
synthon consists of one molecule each of neutral and charge assisted acid---pyridine
heterosynthon with N-H---O bond distance of 2.573 A, £171.96° and 2.562 A, 2172.90°
respectively (Figure 3.2). Supramolecular unit of charge assisted acid:--pyridine
heterosynthon propagate in a 2D manner through N-H:--O hydrogen bond (2.848 A,
£177.20°) involving —NH of thioamide group of ETH and O of a carboxylic acid group
of CNB (Figure 3.3). Two neighboring neutral acid---pyridine supramolecular units
interconnected through strong complementary N-H--O hydrogen bond (2.883 A,

Department of Chemistry, NITK 75



CHAPTER 3

£171.20°) involving —NH of thioamide group of ETH and O of a carboxyl group of
CNB and week C-H-+-O hydrogen bond between ETH and CNB (3.216 A) resulted in
a cyclic tetrameric unit (Figure 3.4). This neutral tetrameric unit is connected to the
charge assisted supramolecular units through thionamide homo dimer (N-H---S distance
of 3.379 A, 2156.60° and 3.612 A, 174.11°), C-H--O hydrogen bond (3.511 A)
between aromatic C-H of ETH and O of nitro group of CNB and two unlike C-H---O
hydrogen bond between nitro group of CNB with aromatic C-H of ETH (3.386 A) and
methyl C-H of ETH (3.431 A) (Figure 3.5). The overall crystal structure features weak
interactions involved with methyl group of ETH and sulfur atom of an amide group.
The unusual behavior of the salt/cocrystal continuum may be explained based on the
hydrogen bond associated with ETH molecules. It was observed that in the cocrystal
adduct secondary interactions associated with 6" C-H proton of ETH experiences only
weak hydrogen bond with O of nitro group (3.511 A), however in salt adduct both 5%
and 6" C-H protons of ETH are involved in hydrogen bond formation (3.264 A, 3.489
A and 3.386 A) comparatively stronger than the previous one which makes the
electronic environment of the pyridine nitrogen to be more polar leading to a state of
ionic and molecular character for these type of interactions. Crystal structure details
and the geometrical parameters of intermolecular interactions are displayed in Table
3.2 and Table 3.3 respectively. Color code for the atoms are gray: carbon; off-white:

hydrogen; red: oxygen; blue: nitrogen; yellow: sulfur, green: chlorine.

Yy
Ty

Neutral heterosynthon

Ionic heterosynthon

Figure 3.2: Asymmetric unit in ETH-CNB salt/cocrystal.
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N-H-+O
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hydrogen bond

Figure 3.3: 2D representation of ETH-CNB salt.
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C-H:--O and N-H--O hydrogen bond
Figure 3.4: Tetrameric unit of ETH-CNB cocrystal.

C-H--O hydrogen bond Thionamide dimer

Neutral tetrameric unit
Figure 3.5: 2D propagation of ETH-CNB salt/cocrystal.
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Table 3.2: Crystal structure details and the refinement parameters of ETH salts.

St;:f;i‘ge ETH-CNB | ETH-2,6HBA | ETH-2,3HBA | ETH-DNB
CCDC 1477880 1477881 1477884 1477889
number

Mol. formula | C1sH14CIN3O4S | CisH16N204S C15H16N204S | C15H14N4O6S

Molar mass 367.80 320.36 320.36 378.36
crystal Monoclinic Triclinic Triclinic Triclinic
system

Space group P 21/n P1 P1 P1
alh 14.1353(4) 7.3114(3) 7.2867(9) 11.0451(17)
b/A 13.1242(4) 9.9448(3) 8.1683(9) 12.9511(19)
c /A 18.4453(6) 115288(3) | 13.3084(17) | 12.9889(18)
E 90 70.7830(10) 99.587(6) 68.582(7)
B /o 102.334(2) 85.1230(10) 94.081(6) 81.187(7)
v/° 90 70.4330(10) | 103.911(6) 86.584(7)

Volume/ A% | 3342.89(18) 745.54(4) 753.01(16) 1709.3(4)

Z 8 2 2 4
bensity 1.462 1.427 1.413 1.470
[g/cm”]

b (MoKa) 0.378 0.237 0.235 0.231
[mm~]

TIK 296 (2) 296 (2) 296 (2) 296 (2)
Refins 5883 2011 2018 6556
collected

Unique rfins 5223 2670 2450 5080

Parameter 515 263 252 551
refined

Ri(I>20) 0.0369 0.0360 0.1163 0.0595

WR 2 (I>20) 0.1149 0.0983 0.3412 0.1719

GOF 0.836 0.669 1.135 1.218
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Table 3.3: Geometrical parameters of intermolecular interactions in ETH salts.

Salt D-H--A? H-'-B-\A/ D-}S-\A/ <D-I;I---A/ Symmetry code
N4-H2--01 1.985 2.883 171.05 -X+1, -y+1, -z+1
N4-H1---S1 2529 | 3.379 156.53 x+1/2, -y+1/2, z-1/2
C15-H5-- O4 2,555 | 3511 160.79 x-1,y,z
N3-H10--O5 1.977 | 2.848 177.30 -X+1/2, y+1/2, -z+3/2
N3-H9---S2 2.763 | 3.612 174.16 x-1/2, -y+1/2, z+1/2
ETH-CNB C7-H7--04 2.657 | 3.464 144.38 x-1/2, -y+1/2, z+1/2
C8-H8--07 2.569 | 3.386 148.63 X, Y, Z
N1-HI11--06 1.515 | 2.562 172.37 X, Y, Z
C20-H14---S1 2891 | 3.756 155.78 xX+1,y,2
C27-H16--S2 3.025 | 3.816 146.19 X+1/2, -y+1/2, z+1/2
02-H19-- N2 1.480 2.573 171.53 xX+1,y,2
N2-H1---O3 2.088 2.837 143.66 X, Y, z-1
C3-H3--04 2441 | 3.376 164.79 X, y-1,z
C4-H4-- 01 2.619 | 3.280 128.10 X, ¥, 2
ETH- N2-H2---S1 2.665 | 3.457 156.70 -X+1, -y, -z
2,6HBA 03-H12-- 0Ol 1.601 2.480 160.52 X, ¥, 2
N1-H5-- Ol 2.549 3.223 125.37 X, Y,z
N1-H5---02 1.656 2.642 175.52 X, Y,z
04-H13--02 1.727 2.557 150.55 X, Y, Z
C12-H11---03 2416 | 3.120 128.52 X, y-1,2
C12-H11--01 2.250 2.984 130.93 X, Y, Z
N1-H12--02 2.017 2.845 155.43 X, Y, Z
N1-HI12--0O1 2413 | 3.052 129.46 X, Y, Z
ETH- C14-H6---02 2550 | 3.290 146.88 X, Y, 2
2,3HBA 02-H16--03 1.613 2.475 152.85 X, Y, 2
0O1-H13--04 1.800 2.637 177.55 X, y-1,2
N2-H9---04 1.825 2.835 176.72 -X+1, -y+1, -z+1
N2-HS8---S1 2.719 3.401 148.33 -X+1, -y, -z+2
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C9-H4---000D | 2.657 | 3.401 133.74 X+2, -y+1, -z+1
C19-H21--O05 | 2521 | 3.384 150.45 X, y+1, z-1
C26-H6---S2 2.893 | 3.771 155.11 X+1, -y+1, -z+2
N8-H9---S2 2.546 | 3.462 170.33 X+1, -y+1, -z+2
N8-H8:--O10 1.949 | 2.809 176.80 X+1, -y+1, -z+1
C15-H14--09 | 2.447 | 3.189 135.21 X, Y, Z
C16-H22--09 | 2536 | 3.269 140.54 X+2, -y+1, -z+1
ETH-DNB | C16-H22--O3 | 2.648 | 3.365 138.69 x+1l,y,z
C14-H12--02 | 2.457 | 3.407 17431 -X+1, -y+2, -z
N2-H13--010 | 2.427 | 3.060 121.43 X, Y, Z
N2-H13--011 1.715 | 2.680 164.60 X, Y, Z
N1-H15--08 1.508 | 2.549 175.30 X, Y, Z
C21-H17--05 | 2.527 | 3.340 142.40 X+2, -y+1, -z+2
N7-H23--011 2.068 | 2911 155.32 X, Y,z
N7-H24---S1 2.592 | 3.415 172.31 -X+2, -y+2, -z

4D-donor, A-acceptor

ETH-2,6HBA: A 1:1 molecular salt of ETH and 2,6HBA resulted in methanol solvent
at ambient temperature by solvent evaporation method which belongs to triclinic crystal
system with space group P1. Primary synthon in the molecular salt consists of four
point supramolecular synthon in which proton transfer from 2,6HBA to ETH was
observed (Figure 3.6). lon pairs are linked through strong N-H--O hydrogen bond
(2.642 A, £175.63° and 3.223 A, £125.29°) and weak C-H:--O hydrogen bond (3.280
A, £128.41° and 3.302 A, 2128.34°). Intramolecular O-H:+O hydrogen bond is
observed in 2,6HBA. Neighboring supramolecular units are interconnected through
strong N-H:--O hydrogen bond (2.837 A) and weak C-H---O hydrogen bond (3.376 A)
resulted in a cyclic six components supramolecular unit (Figure 3.7) which further
extends to give 1D sheet-like structure of ETH-2,6HBA molecular salt (Figure 3.8).
The 1D sheet further extends to the 3D sheet through thionamide homo dimmer with
complementary N-H--S interaction with a bond distance of 3.457 A. The crystal
structure features n-7 interaction between ETH and 2,6HBA with centroid to centroid
distance of 3.705 A.
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. Four point supramolecular unit

Figure 3.6: Asymmetric unit in the molecular salt of ETH-2,6HBA salt.

N-H--O hydrogen bond =~ ~ C-H--+O hydrogen bond

Figure 3.7: Six component supramolecular unit in ETH-2,6HBA salt.

Figure 3.8: 1D tape-like structure of ETH-2,6HBA salt.

ETH-2,3HBA: A 1:1 molecular salt of ETH-2,3HBA was obtained in methanol solvent
by a solvent evaporation method, which belongs to triclinic crystal system with space
group P1. Primary synthon in the molecular salt consists of one molecule each of ETH
and 2,3HBA in which four point supramolecular synthon between ETH and 2,3HBA

was observed (Figure 3.9). The ion pairs are connected through strong N-H:-O
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hydrogen bond (N1-H12:-O2 distance 2.845 A, £155.90° and N1-H12:-O1 distance of
3.051 A, £129.22°) between the hydroxyl group of 2,3HBA and pyridyl N of ETH and
weak C-H:+O hydrogen bonds (C12HI11-+-O1 bond distance of 2.983 A and
C14H6:+-02 bond distance of 3.290 A). Two neighboring molecular adducts
interconnected through strong O-H:--O hydrogen bond (2.636 A, £177.22°) involving
hydroxyl group of 2,3HBA and carboxylic acid group of 2,3HBA resulted in a linear
1D tape-like structure of ETH-2,3HBA salt (Figure 3.10). The 1D tape is further
extended to 2D tape through weak complementary supramolecular thionamide-
thionamide homosynthon (N-H:---S distance of 3.400 A) of ETH (Figure 3.11). 2D tape
extends to 3D tape through strong N-H--O hydrogen bond (2.835 A, £176.17°)
involving amide —NH and carboxylic acid group of 2,3HBA. The crystal structure also
features weak C-H---O hydrogen bond (3.290 A) between a —CH_ group of ETH and
Oxygen of ortho hydroxyl group of 2,3HBA & m-m interaction between ETH and
2,3HBA (3.389 A).

Four point supramolecular unit

Figure 3.9: Asymmetric unit in the molecular salt of ETH-2,3HBA.

s

Figure 3.10: 1D tape-like structure of ETH-2,3HBA salt.
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Thionamide dimer

Figure 3.11: 2D structure of ETH-2,3HBA salt stabilized by thioamide dimer.

ETH-DNB: A 1:1 molecular salt of ETH-DNB was yielded by a solvent evaporation
method in 5% water in ethanol solvent, which belongs to triclinic crystal system with
P1 space group. The molecular salt exhibited 1:1 stoichiometry in the asymmetric unit.
Two distinct hydrogen bond ring motifs are observed in this molecular salt. i.e., both
partial and complete proton transfer was observed in this molecular salt which was
reflected in the two different N-H---O hydrogen bond distance. A change in C-N-C bond
angle (£122.87° and £120.93°) was observed when compared to neutral ETH molecule
(118.24°) further substantiates the existence of partial and complete proton transfer.
The primary synthon consists of both two point and three point supramolecular synthon
in which proton transfer from DNB to ETH was observed. The ion pairs are linked
through charge assisted N-H---O hydrogen bond (N-H:-O bond distance of 2.680 A,
£164.33° & 3.060 A, £121.19° and 2.549 A, £175.45° & 3.360 A, 2120.62° (Figure
3.12). Adjacent supramolecular units are interconnected through weak complementary
C-H:--O hydrogen bond (3.340 A) between ETH (-CH> group) and DNB (O of 4-nitro
group) for partially ionic supramolecular unit and for completely ionic supramolecular
unit, adjoining molecular adducts are interconnected through complementary C-H---O
hydrogen bond (3.407 A) between aromatic C-H of ETH and 4-nitro group of DNB.
These supramolecular units are further connected through strong N-H--O hydrogen
bond (2.912 A) and week C-H--S hydrogen bond (3.804 A) (Figure 3.13). The
molecular units extend in 3D supramolecular architect through thionamide---thionamide
homo dimer (N-H---S distance of 3.462 A for completely ionic and 3.415 A for partially

ionic). The crystal structure features weak interactions involved with both nitro group
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of DNB and C-H group of ETH. The n-n interaction between DNB was observed with

centroid to centroid distance of 3.375 A.

3 point supramolecular unit

Figure 3.12: Asymmetric unit in the molecular salt of ETH-DNB.

N-H---O hydrogen bond

C-H--S hydrogen bond

Figure 3.13: Tetrameric unit of ETH-DNB salt interconnected through N-H:--O and

weak C-H--S hydrogen bond.
3.3.2 Conformational analysis of molecular salts

Drug molecules are generally flexible and it can adopt different orientations or

conformations based on the interactions (hydrogen bond), steric effect and the crystal
packing of the molecule. These conformational changes can greatly influence the
physicochemical properties of the crystal. Conformational changes were observed in
all the molecular salts (Figure 3.14). Similar kind of conformational changes was
observed for ETH-2,6HBA and ETH-DNB. However, different conformations were

Department of Chemistry, NITK 84



CHAPTER 3

observed for ETH-CNB and ETH-2,3HBA when compared to ETH drug conformation

(Torsion angles are displayed in Table 3.4).

Figure 3.14: Overlay of ETH molecule extracted from the crystal structure of neutral
ETH and the molecular salts. Purple= ETH, Blue=ETH-CNB, Red=ETH-2,6HBA,

Magenta=ETH-2,3HBA and Green=ETH-DNB.

Table 3.4: Torsion angles of ETH molecule in neutral ETH and in the molecular salts.

71 N1-C2-C10-C11, 72 C11-C10-C2-C3, 73C3-C4-C5-S8, 74 C3-C4-C5-N9

Molecular T1 2 T3 T4
components
ETH 177.78 -3.35 164.11 -159.66
ETH-CNB 179.14 -0.80 -144.50 165.89
ETH-2,6HBA -70.84 110.65 -161.40 157.55
ETH-2,3HBA -145.01 34.47 140.72 -160.91
ETH-DNB -127.72 51.84 -157.15 150.04

3.3.3 PXRD analysis

The PXRD analysis is generally used for the identification of new crystalline

phase/polymorphic form of a crystalline material. In the present study, PXRD analysis
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was carried out to confirm the formation of new crystalline adducts as well as to confirm
the bulk purity of the synthesized molecular salts. All the molecular salts synthesized
in the present study displayed diffraction patterns which are in good agreement with the
simulated diffraction patterns obtained single crystal XRD analysis demonstrating the

bulk purity of the molecular salts (Figure 3.15).
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Figure 3.15: Comparison of simulated and experimental PXRD patterns of a) ETH-
CNB b) ETH-2,6HBA c) ETH-2,3HBA and d) ETH-DNB salts.
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3.3.4 Spectroscopic analysis of molecular salts
3.3.4.1 FT-IR spectroscopy

All the synthesized molecular salts were analyzed by FT-IR spectroscopy in
order to confirm the formation of molecular salts. FT-IR spectra of molecular salts were
compared with their respective starting materials in order to confirm the salt formation.
All the molecular salts exhibited a change in carbonyl stretching frequency of acid
group with respect to their starting material. Thionamide functional group of ETH
appeared at 1648 cm™, -NH stretching frequency appeared at 3249 cm™. In all the
synthesized molecular salts, a significant shift of carbonyl (-C=0) stretching frequency
was observed except for ETH-CNB where both salt/cocrystal was observed. In ETH-
CNB carbonyl stretching frequency was appeared at 1745 cm™ and for ETH-2,6HBA,
ETH-2,3HBA & ETH-DNB molecular salts carboxylate stretching frequency appeared
at 1628 cm™, 1617 cm™ and 1633 cm™ respectively (FT-IR spectra with stretching
frequencies are displayed in Figure 3.16 & Table 3.5).

a) ‘“'-'u,r"l_.-"'.,.w\f . e i . - WY r"r";l'.r"" : .H"\_Ilr II'Iﬂl| \ |I! [
ETH-CNB / | LI IrI
1745 aor! WiV
'|
PRAAPAMN AN s~V ,l"'rjlll fr‘*'Jl ,./'"l.-ﬂ' |, || \ |I
CNB /- [ |r| |Iu. dl I|| J
e v Rl
- | |
1705 carr? | ill
o g™ i {
™~ e
| L(,/-‘; SISl HHMI||‘-'\| IIJJI[| I 'JLI 1||'l’| | j{ | l
E-J:H R\ / rl-] |||" |h | | ||
3240 carr? I I
1645 anrt |

T T T T T T
A5 (W A} 2SR il ] 1 S0 1

Wave numer e’

Department of Chemistry, NITK 88



CHAPTER 3

b) B ahae A s e e
ETH-2.6HBA /
3319 cm™!
1628 cm™
W JEPSO
A e
2.6HBA
s W
1679 cm™
;WW
Ca's
3249 cm’! /
1645 cm™!
wave number cm!

ETH-2,3HBA /'
1617 cm™
2.3HBA
g
° 3364 cm™ N
1676 cm™
Eae : \;
3249 cm'l 1645 cm-l
wave mumber cm™!

Department of Chemistry, NITK 89



CHAPTER 3

d)
ETH-DNB

DNB

A A A s

ETH

AAAA sy At
\-MX o

3084 cm’!

P WA AAA AWM T S s

N

M o~
*’ e AN A A
g

3249 ¢cm’!

e
/\/

1633 cm’!

P

A

1687 cm’!

1645 ¢cm™

/Wf“'/\ .

\/M I'

'k

”W\
w

-----

wave number cm!

Figure 3.16: FT-IR comparison spectra of a) ETH-CNB b) ETH-2,6HBA c) ETH-
2,3HBA and d) ETH-DNB salts.
Table 3.5: FT-IR stretching frequencies of ETH, salt former and the salts.

Crystal forms -C=S amide -NH/-OH -C=0 §tretching
stretch (cm™?) | stretch (cm™) of acid (cm™?)
ETH 1645 3249

ETH-CNB 1642 - 1745
ETH-2,6HBA 1599 3319 1628
ETH-2,3HBA 1570 1617
ETH-DNB - 3084 1633
CNB - - 1705
2,6HBA - - 1679
2,3HBA - 3364 1676
DNB - - 1687

3.3.4.2 H NMR spectroscopy

'H NMR spectrum of synthesized molecular salts revealed that all the molecular

salts demonstrated 1:1 molecular stoichiometry in the asymmetric unit. The chemical

shift & and the coupling constant J values of the molecular salts are displayed below.

'H NMR spectrum of molecular salts are displayed in Figure 3.17.
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ETH-CNB (DMSO-dg, 400 MHz, dppm): 14.09 (1H, s), 10.160 (1H, s), 9.735 (1H, s),
8.537 (1H, s), 8.363(1H, s), 8.256-8.239 (1H, t), 8.015-7.994 (1H, d (J=8.4 Hz)), 7.567
(1H, s), 7.508 (1H, s), 2.794-2.784 (2H, q) 1.251-1.242 (3H, t).

ETZ-2,6HBA (DMSO-ds, 400 MHz, dppm): 10.43 (1H, s), 9.981 (1H, s), 8.712 (1H,
s), 7.853 (1H, s), 7.791 (1H, s), 7.056-7.038 (1H, t), 6.160 (2H, s), 2.922-2.907 (2H, q),
1.280 (3H, s).

ETH-2,3HBA (DMSO-ds, 400 MHz, 6ppm): 10.17 (1H, s), 9.74 (1H, s), 9.30 (1H, s),
7.58-7.52 (2H, d), 7.21 (1H, s), 7.08 (1H, s), 6.73 (1H, s), 2.84 (2H, s), 1.26 (3H, 3).
ETH-DNB (DMSO-des, 300 MHz, dppm):10.18 (1H, s), 9.75 (1H, s), 8.79 (1H, s), 8.60-
8.53 (2H, m), 8.13-8.10 (1H, d (J=9 Hz)), 7.57 (1H, s), 7.52-7.51 (1H, d (J=3 Hz)),
2.83-2.76 (2H, q (J=6 Hz)), 1.27-1.22 (3H, t (J=6 Hz)).

S = o e =
Ll = s Y D= Y o e s BN = I T B I i o e i —
Lo e e e S e e | — T O MO R U T e D D O O 0D A (e
______ R R R o It o R TS % [ T w0 [ =]
-y e o o L= R L R s e e . - .
ﬁﬁﬁﬁﬁﬁ — OO 00 00 OO 00 00 [ - - LA e B IR o] —
- S — &
Sl I LN Y
a)
h ' |L|‘ L
o~ JL AN
14 13 12 11 10 9 B T 6 5 a 3 2 1 ppn
e e STl e o =
1= |=r!;i='!; .qcquc! = = =
=1} =1L =1 e L | e 2 | ol L)

Department of Chemistry, NITK 91



CHAPTER 3

E o= A Fa
[ a
087" 1— — I o — v
LOGT Z—— =
” : ) 1584 — .
Eaf.uu. —e—— | » JGEl T i Y
6’2 P OF E,
_| T ko
i
S
f
r [ =]
m, of
. FO =
091" 8 — ——— ¢ =il E'%h, - —_— i b=
. _ [ 108, I
chi S L ties = "
Sr0' L= T e —_ —
BE0" 1 f ; Eu. e
T6L" fmev g -
coety _”. o — - — _— aEn
TR _n e e
2L g — 9-,2: oFe" - Baso
[ E0A— — .
i ok, - S—_E
186" 6— mej_m@ -
e 01— < [ Ze8o =
|
Pr HH
£ o
e &
" .
™ [
o )
Ed LW

92

Department of Chemistry, NITK



CHAPTER 3

d) \
1
|
1

I I

) ‘ ‘ l .LL | | L

T - T =T T T T

10 9 8 7 6 5 4 3 2 1 pRpmM
ed bt A 5
=i isl aiml (5] ré|§| r':ﬂ f’ﬁl
= Sivi el Sl el i

Figure 3.17: 'H NMR spectra of a) ETH-CNB b) ETH-2,6HBA c¢) ETH-2,3HBA and
d) ETH-DNB salts.
3.3.5 Thermal analysis

DSC technique is useful for the observation of fusion and recrystallization
events. In the present study, DSC analysis was carried out to study the thermal behavior
of the molecular salts. The melting point of ETH, synthesized molecular salts and the
counter ions are displayed in Table 3.6. ETH exhibited two sharp melting point at
163.26°C and 165.17°C, however, the phase purity of ETH was confirmed with the
reported single crystal structure of ETH. ETH-2,6HBA and ETH-2,3HBA melt near to
the melting point of ETH whereas ETH-CNB melts just below the melting temperature
of CNB. It was unexpected that the melting point of ETH-DNB salt was well below the
melting of their respective starting materials even though a greater number of secondary
interactions are involved in crystal formation. This lower melting of ETH-DNB salt is
correlated with primary and secondary interactions involved in the molecular salts. It
was observed that when compared to ETH-CNB and ETH-2,6HBA primary
interactions were found to be weak, further, secondary interactions associated with
ETH-DNB salt was found to be weaker as well. This may be the reason for lower
melting of ETH-DNB salt. ETH-2,3HBA salt is not taken for comparison as it is formed
through hydroxyl---pyridine heterosynthon. ETH-2,6HBA and ETH-2,3HBA salt was
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found to be dissociating after the melting of salts, whereas ETH-CNB and ETH-DNB
were found to be stable at a temperature of 200 °C. In all the synthesized salts single
endothermic peak was observed, which was confirmed the phase purity and
homogeneity of the molecular salts (DSC plot is displayed in Figure 3.18).

Table 3.6: Melting point of ETH, counter ions and molecular salts.

) Salt mp Primary N-H---O
APl mp (°C) Counter ion mp (°C) )
(°C) bond distance (A)
CNB (148.04) 146.59 2.573, 2.562
ETH (163.26 2,6HBA (171.75) 160.17 2.642
and 165.17) 2,3HBA (212.68) 163.19 2.845, 3.051
DNB (187.90) 128.75 2.680, 3.060
ETH-DNB
N ]
| _ETH-2,3HBA V
L%/ F ETH-2.6HBA \/\/
; \/’\
S
% RETH-CNB y
\ETH
\'J \[__/
4]0 ' 610 ' SIO ' 1(IJO ' 1&0 ' 14110 ' léO ' 1é0 ' 200

Temperature (°C)
Figure 3.18: DSC plots of ETH salts in comparison with ETH.
3.3.6 Hygroscopicity study
Owing to the pharmaceutical importance of synthesized molecular salts, the
hygroscopicity of the salts were determined in the present study by conventional weight
loss method at the accelerated condition. i.e., a known quality of the sample was kept

in a desiccator which was filled with saturated sodium chloride solution in order to
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attain the relative humidity of ~75% for a period of seven days. The weight of the
sample was monitored periodically and finally, the hygroscopicity was measured based
on the gain in weight of the sample. In the present study ETH-CNB, ETH-2,6HBA and
ETH-2,3HBA hygroscopicity were measured and it was found that all the three salts
were non-hygroscopic at ~75% RH. It was further confirmed by PXRD and TGA
analysis. In PXRD analysis, there was no variation/changes in the diffraction pattern
was observed (Figure 3.19). TGA analysis further confirmed the non-hygroscopicity
of synthesized salts as there was no steepness curve observed around 100 °C (Figure
3.20).
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Figure 3.19: Comparison of PXRD patterns of initial and moisture exposed samples of
a) ETH-CNB b) ETH-2,6HBA, c) ETH-2,3HBA salts.
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Figure 3.20: TGA plots of a) ETH-CNB, b) ETH-2,6HBA and ¢) ETH-2,3HBA salts

after exposure to moisture.
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3.3.7 Solubility study

Aqueous solubility is the major concern with respect to pharmaceutical products
when it comes to the formulation of the new chemical entity as well as for the generic
drug development. The solubility of a drug molecule basically depends on the physical
and chemical properties of the solute and solvent used. It also depends on the pressure,
temperature, and pH of the dissolution media. ETH used in the present study belongs
to BCS class Il drug with poor aqueous solubility. Solubility experiment was performed
in 0.1 N HCI solution and in purified distilled water for ETH-CNB, ETH-2,6HBA and
ETH-2,3HBA salts. Standard linearity plot of ETH is shown in Figure 3.21.
Equilibrium solubility of ETH in 0.1 N HCI obtained in the present study was 12.27
mg/mL, which was about 26 times higher solubility compared to the pure drug (0.487
mg/mL) due to the formation of the hydrochloride salt. The solubility of the synthesized
salts in 0.1 N HCI media was found to be less when compared to ETH drug. However,
when compared to aqueous media, all the salts exhibited increased solubility than
neutral ETH. In purified water, all the molecular salts were found to be more soluble
than pure ETH (solubility data are displayed in Table 3.7). ETH-CNB salt displayed
highest solubility (7.5 fold) followed by ETH-2,6HBA (3.4 fold) and ETH-2,3HBA
(2.9 fold) in purified water. Therefore, it is concluded that solubility study of the
synthesized molecular salts suggests that ionic compounds are more soluble than
neutral compounds, where these can alter crystal lattice energy as well as the degree of

solvation.

. I . I . I T
200 250 300 350 400
Wavelength (nm)

Figure 3.21: Standard linearity plot of ETH.
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Table 3.7: Solubility of ETH and its molecular salts in purified water and 0.1 N HCI

(pH=1) at room temperature (~25 °C).

Solid forms Equilibrium solubility of ETH Equilibrium solubility of ETH
in purified water (mg/mL)* in 0.1 N HCI (pH=1) (mg/mL)
ETH 0.487 12.28
ETH-CNB 3.64 (x7.47) 10.08
ETH-2,6HBA 1.65 (x3.38) 10.00
ETH-2,3HBA 1.39 (x2.85) 9.96

*The values in the parenthesis specifies the extent of increase in solubility of ETH drug
molecule in molecular salts relative to the pure ETH

A comparison of literature reported solubility study on cocrystal/salt of
ETH with present study is tabulated in Table 3.8. The reported salt of ETH with
maleate and oxalate exhibited about 35 and 25-fold increment in the solubility when
compared with ETH alone.

Table 3.8: Comparison of solubility profile of literature reported and the present work.

Extent of increase in
Salt/cocrystal solubility in folds in Reference
comparison with ETH
ETH-maleate 35.0 De Melo et al. (2015)
ETH-oxalate 24.6
ETH-glutaric acid 10.2
ETH-Adipic acid 2.6
ETH-suberic acid 3.2 Mannava et al. (2016)
ETH-sebacic acid 2.1
ETH-fumaric acid 6.2
ETH-CNB 1.47
ETH-2,6HBA 3.38 Present work
ETH-2,3HBA 2.85

3.4  CONCLUSIONS
Four molecular salts of anti-tuberculosis drug ethionamide have been
synthesized by crystal engineering approach and it was characterized by various

spectroscopic, thermal and X-ray diffraction techniques. In all the synthesized
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molecular salts charge assisted acid---pyridine heterosynthon was observed except for
ETH-2,3HBA salts, where molecules interacted through hydroxyl:--pyridine hetero
synthon. ETH-CNB molecular adduct reveals the presence of both salt and cocrystal in
the asymmetric unit, whereas in ETH-DNB both partial and complete proton transfer
was observed. Solubility study associated with three of the synthesized molecular salts
were determined in 0.1 N HCI and in purified water, it was observed that all the salts
exhibited an increase in the solubility of ETH in purified water compared to pure drug.
The solubility of synthesized salt follows the order of ETH-CNB>ETH-2,6HBA>ETH-
2,3HBA>ETH. The hygroscopic study revealed that synthesized salts were non-
hygroscopic in accelerated humid condition (~75% RH). In summary, ETH salt with
GRAS counter ions have demonstrated a greater improvement in the solubility of ETH
drug molecule in aqueous media and the salts namely, ETH-CNB and ETH-2,3HBA
offer the development of combination drug with ETH API.
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This chapter describes the synthesis and characterization of pyridine derivative
salts of common anti-inflammatory drugs namely, mefenamic acid, tolfenamic acid and
naproxen. Further, this chapter talks about the structural comparison of molecular
salts based on SC-XRD analysis and the physicochemical properties involved with

drug-drug salts.

41 INTRODUCTION

The three active pharmaceutical ingredients (API) chosen in the present study
namely, mefenamic acid (MFA), tolfenamic acid (TFA) and naproxen (NPX) are non-
steroidal anti-inflammatory drugs. All the APIs falls under the BCS class Il drug due to
their poor aqueous solubility and high permeability. MFA and TFA are anthranilic acid
derivatives used to treat mild to moderate pain and furthermore these drugs used to
prevent migraines associated with menstruation. NPX is a propionic acid class of drug
used to treat fever, pain, swellings, and stiffness.

Various reports are available in the literature on cocrystal/salts of naproxen API.
However, a few cocrystal/salts are reported for MFA and TFA APIs. Reported
cocrystals of MFA and TFA include nicotinamide and 4, 4’-bipyridine. A drug-drug
cocrystal of MFA with paracetamol was reported by Chirag et al in the year 2013. Dixit
et al. prepared microparticle of MFA with B-cyclodextrin to enhance the solubility of
MFA drug. Cocrystals/salts of NPX include nicotinamide, isonicotinamide,
picolinamide, bypyridine, piperazine, proline, S-arginine, L-alanine, D-alanine, D-
tyrosine, and D-tryptophan. Although numerous reports are available, the salt/cocrystal
screening experiment with aminopyridine derivatives was not witnessed in the
literature. Therefore, in the present chapter, salt/cocrystal screening experiment was
carried out with pyridyl derivative as the salt former based on the pKa values of APIs
and the salt former.

Salt formers wused in the study are 4-aminopyridine (4AP), 4-
dimethylaminopyridine (DMAP) and 2-aminopyridine (2AP). Molecular diagrams
APIs and the salt formers are shown in Scheme 4.1. 4AP used in the present study as a
salt former is a drug molecule used for the treatment of multiple sclerosis by blocking
the potassium channel. This is the first drug that was specifically approved to help with

mobility in multiple sclerosis patients and it is approved by U.S Food and Drug
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Administration (FDA) in the year 2010. Salt/cocrystal screening experiment resulted in
two molecular salt hydrate of MFA with 4AP and DMAP, two molecular salt hydrate
of TFA with 4AP and DMAP and two molecular salts of NPX with 4AP and 2AP,
where NPX-4AP is a salt hydrate. DMAP salt of NPX and 2AP salt of MFA and TFA

were not obtained in the salt screening experiment.

HO_ 0 HO_ 0
CH, CH3 -
H H :
HaC N cl N OH
“OO 0
o

Mefenamic acid(MFA)  Tolfenamic acid(TFA) S-naproxen(NPX)

NH2 \N/
C ] C ] g
N N N NH2

4-amino pyriding(4AP) 4-Dimethylaminopyridine(DMAP) 2-amino pyridine(2AP)

Scheme 4.1: Molecular diagrams of APIs and the salt former.

4.2 EXPERIMENTAL SECTION
4.2.1 Materials and methods

Mefenamic acid, tolfenamic acid, and naproxen APIs were purchased from TCI
Chemicals and used as such without any further purification. Salt formers 4-amino
pyridine, 4-dimethylaminopyridine and 2-amino pyridine were purchased from various
vendors and used as such. All the crystallization experiments were carried out with

analytical grade solvents.

4.2.2 Synthesis of molecular salts

All the molecular salts synthesized in the present study followed solvent evaporation
method and pure crystals were obtained in all the cases.

MFA-4AP: The equimolar ratio of MFA (100 mg, 0.414 mmol) and 4AP (39.0 mg,
0.414 mmol) were dissolved in 10 mL of ethanol solvent at 60 °C and left for slow
evaporation at room temperature. Block shaped colorless crystals were obtained after 4
days with 1:1 stoichiometry in the molecular salt. Salt formation observed in methanol

solvent as well, however, good quality crystal was not obtained in this solvent.
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MFA-DMAP: The equimolar ratio of MFA (100 mg, 0.414 mmol) and DMAP (50.58
mg, 0.414 mmol) were dissolved in 10 mL of ethanol solvent at 60 °C and left for slow
evaporation at room temperature. Block shaped colorless crystals were obtained after 4
days with 1:1 stoichiometry in the molecular salt.

TFA-4AP: The equimolar ratio of TFA (100 mg, 0.382 mmol) and 4AP (35.96 mg,
0.382 mmol) were dissolved in 10 mL of methanol solvent at 60 °C and left for slow
evaporation at room temperature. Block shaped colorless crystals were obtained after 4
days with 1:1 stoichiometry in the molecular salt. Salt formation and good quality

crystal were obtained in ethanol as well as toluene solvents.

TFA-DMAP: The equimolar ratio of TFA (100 mg, 0.382 mmol) and DMAP (46.67
mg, 0.382 mmol) were dissolved in 10 mL of ethanol solvent at 60 °C and left for slow
evaporation at room temperature. Block shaped colorless crystals were obtained after 4
days with 1:1 stoichiometry in the molecular salt.

NPX-4AP: The equimolar ratio of NPX (100 mg, 0.434 mmol) and 4AP (40.87 mg,
0.434 mmol) were dissolved in 10 mL of methanol solvent at 60 °C and left for
crystallization at room temperature. Needle-shaped colorless crystal was obtained after
4 days with 1:1 stoichiometry in the molecular salt. Ethanol solvent too yielded good

quality crystals.

NPX-2AP: The equimolar ratio of NPX (100 mg, 0.434 mmol) and 2AP (40.87 mg,
0.434 mmol) were dissolved in 10 mL of ethanol solvent at 60 °C and left for
crystallization at room temperature. Needle-shaped colorless crystals were obtained

after 4 days with 1:1 stoichiometry in the molecular salt.

4.3 RESULTS AND DISCUSSION

Based on the pKa values, the salt formation was expected for all the salt formers
chosen except 2AP coformer. The salt/cocrystal formation was unpredictable in the
case of NPX-2AP, where ApKa values lie in between 0-3 range. The pKa and ApKa

values of APIs and the salt formers are displayed in Table 4.1.
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Table 4.1: pKa and ApKa values of APIs and the salt formers.

API/ Salt former pKa ApKa Salt/cocrystal

Mefenamic acid 4.2 - -
4AP 8.59 4.39 1:1 Salt hydrate
DMAP 9.6 54 1:1 Salt hydrate

Tolfenamic acid 3.66 - -
4AP 8.59 4.93 1:1 Salt hydrate
DMAP 9.6 5.94 1:1 Salt hydrate

Naproxen 4.15 - -
4AP 8.59 4.44 1:1 Salt hydrate

2AP 6.68 2.53 1:1 Salt

4.3.1 SC-XRD analysis

MFA-4AP salt hydrate: A molecular salt hydrate of MFA was obtained with 4AP in a
1:1 stoichiometric ratio in ethanol solvent by solvent evaporation method. Crystal
structure details are depicted in Table 4.2 and the geometries of intermolecular
interactions are shown in Table 4.3. Asymmetric unit in the molecular salt consists of
one molecule each of MFA, 4AP, and H>O which was crystallized in monoclinic crystal
system with P 21/n space group. Proton transfer from a carboxylic acid group of MFA
to 4AP was observed, however, the molecule interacted each other mediated by a water
molecule with O-H-+-O (O-H of water and O of MFA) bond distance of 2.640 A
(£164.45°) and N-H--O (N-H of 4AP and O of water) bond distance 2.773 A
(£159.64°) (Figure 4.1a). The water molecule in the crystal lattice acts as a bridge
between two MFA molecule resulting in a cyclic tetrameric unit with R4*(12) graph sets
(Figure 4.1b). This tetrameric structure further self-assembled through different N-
H---O (N-H of the amino group of 4AP and O of water & N-H of pyridyl nitrogen and
O of water) hydrogen bond with a bond distance of 2.843 A (£175.22°) and 2.773 A
(£159.64°) respectively resulting in a 2D ladder-like structure of MFA-4AP salt
hydrate. 2D structure expands to the 3D structure via weak secondary interactions such
as two different hydrogen bond between C-H of 4AP and O of the carboxyl group of
MFA (C-H:--O distance 3.339 A and 3.364 A) and N-H--O hydrogen bond (3.130 A)
between N-H of the amine group of 4AP and O of the carboxyl group of MFA. The
crystal structure features stacking interaction between MFA and 4AP molecule with
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centroid to centroid bond distance of 3.622 A (Figure 4.2). Color code for the atoms

are gray: carbon; off-white: hydrogen; red: oxygen; blue: nitrogen; green: chlorine.

a) b)
L@
o
O-H-O hydrogen R4*(12) graph set

bond

Figure 4.1: Asymmetric unit (a) and tetrameric unit (b) of MFA-4AP salt hydrate.

7-7 interaction

N-H:--O hydrogen
bond

Figure 4.2: 3D representation of MFA-4AP salt hydrate.

MFA-DMAP salt hydrate: A 1:1 molecular salt hydrate of MFA with DMAP resulted
in ethanol solvent by solvent evaporation method. The molecular salt was crystallized
in triclinic crystal system with P1 space group. Primary synthon in the molecular salt
hydrate was a charge assisted acid--pyridine (N-H--O distance 2.713 A, £171.92°)
heterosynthon between MFA and DMAP and a hydrogen bond between O of MFA and
O-H of a water molecule (O-H--O distance 2.874 A, £165.07°) respectively (Figure
4.3a). The water molecule in the crystal lattice leads to the formation of the cyclic

tetrameric unit between two MFA molecule with R4*(12) ring motifs (Figure 4.3b).
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The tetrameric structure expands in a 2D ladder-like structure by utilizing weak
hydrogen bonds such as C-H---O (C-H of methyl group of DMAP and O of MFA), C-
H--C (C-H of methyl group of DMAP and C of MFA) and C-H:--O (aromatic C-H of
DMAP and O of a water molecule) hydrogen bond with distance 3.491 A, 3.550 A and
3.297 A respectively (Figure 4.4). 2D structure converts to the 3D structure using weak
C-H--O hydrogen bond (3.211 A) between C-H of DMAP and O of MFA molecule.

Charge assisted
acid---pyridine heterosynthon R 44(12) graph set

Figure 4.3: Asymmetric unit (a) and tetrameric unit (b) in the molecular salt hydrate of
MFA-DMAP.

C-H--O hydrogen bond

Figure 4.4: 2D representation of MFA-DMAP salt hydrate.
TFA-4AP salt hydrate: A 1:1 molecular salt hydrate of TFA with 4AP was obtained in
methanol solvent by solvent evaporation method. The molecule was crystallized in
monoclinic crystal system with P 21/n space group. Proton transfer from TFA to 4AP
was observed, however, the molecules interacted through water molecule with N-H---O
and O-H-O bond distance of 2.748 A and 2.640 A (angle £149.54° and £171.03°)
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respectively (Figure 4.5a). Here again, water molecule acts as a bridge between two
TFA molecule, which is resulting in a tetrameric structure with R4*(12) ring motifs
(Figure 4.5b). This tetrameric structure converts to the 3D structure by utilizing N-
H---O hydrogen bond (N-H of the amine group of 4AP and O of a water molecule) with
distance 2.844 A, angle £173.73° and stacking interaction between TFA and 4AP with
centroid to centroid distance of 3.671 A. The overall crystal structure features weak C-
H--O (C-H of 4AP and O of TFA) and N-H---O hydrogen bond (N-H of the amine group
of 4AP and O of TFA) (Figure 4.6).

b)

O-H---O hydrogen bond

Figure 4.5: Asymmetric unit (a) and cyclic tetrameric unit of TFA-4AP salt hydrate.

N-H:--O hydrogen bond T-T interaction

Figure 4.6: 3D representation of TFA-4AP salt hydrate.
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TFA-DMAP salt hydrate: A 1:1 molecular salt hydrate of TFA with DMAP was
obtained in ethanol solvent by solvent evaporation method which was crystallized in
triclinic crystal system with P1 space group. Charge assisted two point heterosynthon
between TFA and DMAP was observed with N-H--O bond distance of 2.716 A
(£171.89°). The water molecule in the asymmetric unit forms a hydrogen bond with
the carboxyl group of TFA with O-H---O bond distance of 2.773 A (£164.66°) (Figure
4.7a). The water molecule in the crystal lattice resulting in the formation of cyclic
tetrameric structure between two TFA molecule with R4*(12) ring motifs (Figure
4.7b). This tetrameric structure extends to 2D ladder-like structure via C-H--O
hydrogen bond (C-H of the methyl group of DMAP and O of TFA) and C-H--O
hydrogen bond between aromatic C-H of DMAP and O of a water molecule (Figure
4.8). This further convert to the 3D structure by utilizing C-H--O (3.306A) hydrogen
bond between DMAP and TFA.

Figure 4.8: 2D representation of TFA-DMAP salt hydrate.
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NPX-4AP salt hydrate: A molecular salt hydrate of NPX with 4AP resulted in methanol
solvent, which was crystallized in monoclinic crystal system with P 21 space group.
Primary synthon in the molecular salt consists of charge assisted acid:--pyridine
heterosynthon between NPX and 4AP with N-H:--O bond distance 2.612 A (£160.53°)
(Figure 4.9a). The water molecule in the asymmetric unit forms a hydrogen bond with
NPX and 4AP resulting in cyclic R33(9) ring motifs. The presence of water molecule
interconnects two NPX molecule resulting in cyclic pentamer structure ( O-H--O
distance of 2.763 A and 2.784 A, N-H---O distance 2.899 A and 2.894 A) (Figure 4.9b).
Two neighboring pentamer unit interconnected through N*-H---O, N-H---O and C-H--O
hydrogen bond between NPX and 4AP molecules resulting in a 2D layer like structure
of NPX-4AP salt hydrate. The molecule in the crystal lattice aggregates in AAAA...
manner resulting in the 3D structure of NPX-4AP salt hydrate (Figure 4.10). The
overall crystal structure features weak C-H:--x interaction (3.786 A) between 4AP and
NPX, n-n interaction between 4AP-4AP and NPX-NPX with centroid to centroid
distance of 5.951 A and 5.952 A respectively.

b)

v v

N-H---O hydrogen bond

Rs3(10) ring motifs

Figure 4.9: Asymmetric unit (a) and tetrameric unit (b) of NPX-4AP salt hydrate.
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-1 interaction

C-H:---7t interaction
Figure 4.10: 3D representation of NPX-4AP salt hydrate.
NPX-2AP salt: A 1:1 molecular salt of NPX with 2AP was yielded in ethanol solvent

by solvent evaporation method. The salt was crystallized in monoclinic crystal system
with P 2; space group. The primary synthon in the molecular salt consists of two point
supramolecular unit in which, charge assisted acid---pyridine heterosynthon was
observed (N*-H--O distance 2.580 A, £167.99° and N-H--O distance 2.875
A, £170.93°) (Figure 4.11). This supramolecular unit further self-assembled to give a
2D tape-like structure by utilizing strong N-H---O (2.893 A, £154.82°) and weak C-
H--O (3.268 A, £132.41°) hydrogen bond between 2AP and NPX molecule (Figure
4.12). This 2D tape converts to the 3D structure via C-H:-O hydrogen bond (3.382 A)
between C-H of 2AP and O of methoxy group of NPX. The molecules in the crystal
lattice are arranged in AAAA...manner where molecules of 2AP and NPX are stacked
one by one individually with the n-r interaction between 2AP-2AP and NPX-NPX
molecules with centroid to centroid distance of 6.110 A and 6.110 A respectively
(Figure 4.13).

Figure 4.11: Asymmetric unit of NPX-2AP molecular salt.
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N-H--O hydrogen

Figure 4.12: 2D representation of NPX-2AP molecular salt.
C-H--O hydrogen bond

]

T-T Interaction

Figure 4.13: 3D representation of NPX-2AP molecular salt.
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Table 4.2: Crystal structure and refinement details of molecular salts.

CHAPTER 4

Crystal MFA-4AP |MFA-DMAP TFA-4AP TFA-DMAP NPX-4AP NPX-2AP
structure details
CCDC number 1496328 1496333 1496334 1496335 1496336 1496337
Mol. formula C20H23N303 C22H27N303 C19H20CIN3O3 | C21H24CIN3O3 C19H22N204 C19H20N203
Molar mass 353.41 381.46 373.83 401.88 342.39 324.37
crystal system Monoclinic Triclinic Monoclinic Triclinic Monoclinic Monoclinic
Space group P 21/n P1 P 21/n P1 P2; P2
alA 7.7601(3) 7.8149(4) 7.7749(3) 7.8481(3) 10.0057(3) 9.7396(3)
b /A 8.3522(4) 8.1357(4) 8.3263(3) 8.1034(3) 5.9515(2) 6.1100(2)
c /A 28.6233(12) 16.3674(8) 28.3693(11) 16.3092(5) 15.3212(4) 14.6168(4)
a/° 90 79.589(2) 90 100.5870(10) 90 90
B/° 95.315(2) 81.330(2) 95.172(2) 98.0310(10) 99.3890(10) 95.3830(10)
v/° 90 89.955(2) 90 90.3870(10) 90 90
Volume/ A3 1847.21(14) 1011.43(9) 1829.04(12) 1008.99(6) 900.14(5) 865.99(5)
Z 4 2 4 2 2 2
Density [g/cm?] 1.271 1.253 1.358 1.323 1.263 1.244
1 (MoKa) [mm™] 0.087 0.084 0.233 0.216 0.089 0.085
T/IK 296(2) 296(2) 296(2) 296(2) 296(2) 296(2)
Reflns collected 3638 3929 3598 3922 3495 3358
Unique rflns 3220 3496 3261 3456 3325 3151
Parameter refined 257 317 304 349 303 297
R1(I> 20) 0.0665 0.0448 0.0475 0.0471 0.0313 0.0301
WR 2 (I>20) 0.1565 0.1203 0.1513 0.1304 0.0862 0.0827
GOF 1.105 1.050 1.047 0.786 1.026 1.048
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Table 4.3: Hydrogen bond geometry of the synthesized salts.

Salt D-H---A? HAA/ Dj&'A/ LD_}OI"'A/ Symmetry code
N3-H25--01 | 1.950 | 2.772 159.56 X,y+1,z
C16H18--03 | 2.502 | 3.364 154.17 X, Y, Z
C20H17--02 | 2.524 | 3.339 146.45 X, -y+2, -z+1
O1-H21--03 | 1.912 | 2.697 158.08 X+1, -y+1, -z+1
MFA-4AP O1-H20--02 | 1.767 | 2.640 164.67 X, y-1,2
N1-H14--01 | 1.807 | 2.843 174.97 X, Y, Z
N1-H15--02 | 2.343 | 3.129 133.97 X, -y+1, -z+1
N2-H23--03 | 1.955 | 2.656 139.88 X, Y, Z
C21-H17-+02 | 2.658 | 3.550 154.73 X, Y, Z
N1-H13--01 | 1.944 | 2.673 138.57 X, Y, Z
C17-H3--02 | 2490 | 3.211 129.41 X, y-1,2
MFA- C19-H4--03 | 2.440 | 3.337 162.86 X+2, -y+1, -z+1
DMAP C20-H5--03 | 2.494 | 3.297 144.41 x+1,y-1,z
N3-H1--O1 1.836 | 2.713 171.74 x+1,y-1,z
0O3-H26:-01 | 1.980 | 2.874 165.13 X+1, -y+1, -z+1
O3-H28-02 | 1.881 | 2.774 163.89 X, Y, Z
N3-H5--02 | 1.933 | 2.645 141.05 X, Y, Z
C3-H9--02 | 2.484 | 3.350 156.06 X, Y, Z
C1-H12--03 | 2.372 | 3.306 148.97 X, -y, -z+1
TEA-AP O1-H13--03 | 1.840 | 2.640 171.03 X,y+1,z
O1-H14--02 | 1.917 | 2.705 163.70 X+1, -y+1, -z+1
N2-H15--01 | 1.907 | 2.845 173.82 X, Y, Z
N2-H16---03 | 2.527 | 3.173 132.26 -X, -y+1, -z+1
N1-H17---0O1 1.840 | 2.748 149.39 X, y-1,2
C4-H1--01 2.450 | 3.333 166.26 X+1, -y+1, -z+1
C7-H5--02 | 2.490 | 3.187 129.03 x+1, y+1, z
TEA.- C5-H2--01 2.552 | 3.306 146.69 X,y+1,z
DMAP N3-H3--03 | 1.839 | 2.716 172.03 X,y+1,z
N1-H15---03 | 1.948 | 2.668 140.19 X, Y,z
O1-H17--02 | 1.903 | 2.773 164.36 X, Y, Z
O1-Hl16--03 | 2.008 | 2.878 160.14 X+1, -y+1, -z+1
O1-H1--02 1951 | 2.763 154.68 X, Y,z
O1-H2--02 1.876 | 2.783 177.98 -x+1, y-1/2, -z+1
NPX-4AP N2-H7--03 | 1.691 | 2.612 160.73 x+1,y,z
N1-H17---02 | 1971 | 2.894 171.24 X, Y,z
N1-H16---0O1 1.934 | 2.899 177.21 -x+1, y-1/2, -z+1
N2-H12:-02 | 1.902 | 2.874 170.81 x+1,y,z
NPX-2AP N2-H13--02 | 2.089 | 2.893 154.55 -x+1,y-1/2, -z+2
N1-H11---Ol 1.553 | 2.580 168.47 x+1,y,z
N1-HI11--02 | 2.640 | 3.441 133.63 x+1,y,z
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C4-H17--02 | 2.567 | 3.268 132.65 -x+1, y-1/2, -z+2
C1-H14--03 | 2.508 | 3.383 149.77 -X+2, y-1/2, -z+1
4D-donor, A-acceptor

4.3.3 Spectroscopic analysis of molecular salts
4.3.3.1 FT-IR analysis

The FT-IR spectra of all the molecular salts were recorded and compared the
spectra with their respective starting materials in order to confirm the product formation
in the initial stages of salt screening experiments. Shifts in carbonyl/acid/amine
stretching frequencies were accounted for the product confirmation. In pure MFA, TFA
and NPX, carbonyl stretching frequency was observed at 1647 cm™, 1654 cm™ and
1724 cm respectively. A detailed stretching frequency of molecular salts and the
starting materials are displayed in Table 4.4 MFA-4AP, MFA-DMAP, TFA-4AP,
TFA-DMAP, NPX-4AP and NPX-2AP molecular salts exhibited carbonyl stretching
frequencies at 1650 cm™, 1639 cm™, 1649 cm™, 1639 cm™, 1644 cm™ and 1654 cm™
respectively. A slight increase in the stretching frequency was observed in the case of
MFA-4AP probably due to the hydrogen bond acceptor character of both oxygen atoms
of the carbonyl group, thereby restricting the resonance and thus increasing the bond
strength of carbonyl group. In TFA-4AP, same was observed however, carbonyl
stretching frequency was slightly lower than neutral TFA molecule. In the case of NPX
salts, ionization caused a large shift in the carbonyl stretching frequency (FT-IR spectra
are displayed in Figure 4.14-4.16).

Table 4.4: Stretching frequencies of APIs and the molecular salts.

: -C=0 stretching -NH/-OH stretching
Solid forms ) )
frequency (cm™) frequency (cm™)
MFA 1647 -
TFA 1654 3337
NPX 1724 -
MFA-4AP 1650 -
MFA-DMAP 1639 -
TFA-4AP 1649 3424
TFA-DMAP 1639 3478
NPX-4AP 1644 3535, 3275
NPX-2AP 1654 3332
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Figure 4.14: Comparison of FT-IR spectra of MFA salts with MFA.

TFA

3337 em’ y

-1
TFA-DMAP 1654 cm

%T

3478 !
TFA-4AP

3426 em’!

== =

1649 cm™!
! I ! | ! | ! 1 ! | ! |
4000 3500 3000 2500 2000 1500 1000
-1
Wave number ¢cm

Figure 4.15: Comparison of FT-IR spectra of TFA salts with TFA.
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NPX
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Figure 4.16: Comparison of FT-IR spectra of NPX salts with NPX.

4.3.3.2'H NMR analysis

!H NMR spectra of all the molecular salt confirm the 1:1 molecular
stoichiometry of synthesized salts. Spectral details are given below.
MFA-4AP salt hydrate: (400 MHz, DMSO-de, 6 ppm): 10.5 (1H, s), 8.05-8.03 (2H, d),
7.91-7.89 (1H, dd), 7.239-7.196 (1H, t), 7.141-7.123 (1H, d), 7.092-7.055 (1H, t),
6.951-6.932 (1H, d), 6.760-6.739 (1H, d), 6.683-6.629 (3H, m), 6.584-6.568 (2H, d),
2.275 (3H, s), 2.113 (3H, s).
MFA-DMAP salt hydrate: (400 MHz, DMSO-ds, 6 ppm): 9.82 (1H, s), 8.15 (2H, s),
7.89 (1H, s), 7.26 (1H, s), 7.12 (2H, s), 6.99 (1H, s), 6.70 (4H, s), 3.01 (6H, s), 2.28
(3H, s), 2.10 (3H, s).
TFA-4AP salt hydrate: (400 MHz, DMSO-ds, 6 ppm): 10.84 (1H, s), 8.09 (2H, s), 7.95
(1H,s), 7.32 (1H, s), 7.25 (1H, s), 7.16-7.12 (4H, s), 6.97-6.95 (1H, d), 6.74-6.73 (1H,
d), 6.66 (2H, s), 2.29 (3H, s).
TFA-DMAP salt hydrate: (400 MHz, DMSO-ds, & ppm): 10.39 (1H, s), 8.17 (2H, s),
7.93-7.91 (1H, t), 7.30 (2H, s), 7.19-7.17 (2H, s), 6.92-6.90 (1H, d), 6.74 (3H, s), 3.03
(6H, s), 2.27 (3H, s).
NPX-4AP salt hydrate: (400 MHz, DMSO-ds, 6 ppm): 7.97 (2H, s), 7.78 (2H, s), 7.71
(1H, ), 7.41-7.42 (1H, d), 7.29 (1H), 7.15-7.16 (1H, d), 6.47 (2H, s), 6.12 (2H, s), 3.80
(3H, s), 3.79 (1H, s), 1.44 (3H, 9).
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NPX-2AP: (400 MHz, DMSO-ds, 3 ppm): 7.88 (1H, s), 7.81-7.71 (3H, m), 7.41-7.29
(3H, m), 7.16-7.14 (1H, d), 6.46-6.41 (2H, q), 5.86 (2H, s), 3.86 (3H, 5), 3.79 (1H, 3),

1.44 (3H, s).
'H NMR spectra of the molecular salts are displayed in the Figure 4.17
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Figure 4.17: *H NMR spectra of a) MFA-4AP, b) MFA-DMAP, c) TFA-4AP, d) TFA-
DMAP, e) NPX-4AP and f) NPX-2AP molecular salts.

4.3.4 PXRD analysis

PXRD analysis of all the molecular salts was performed and compared the
pattern with their respective precursors. All the synthesized molecular salts were
exhibited different diffraction patterns when compared to precursors and the pattern
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was found to be well in agreement with the calculated PXRD pattern obtained from
SCXRD analysis, which proves the bulk purity of the synthesized molecular salts.
PXRD comparison plot of simulated and the experimental patterns are displayed in
Figure 4.18-4.23.

‘ MFA-4AP Experimental |
2
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Figure 4.18: Experimental and simulated PXRD patterns of MFA-4AP salt.
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Figure 4.19: Experimental and simulated PXRD patterns of MFA-DMAP salt.
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Figure 4.20: Experimental and simulated PXRD patterns of TFA-4AP salt.

2
z |  TFA-DMAP Experimental |
E - AN A~
2
2
|  TFA-DMAP Simulated |
L 1 M 1 L 1 M 1 4 1 " 1 L 1 1 1
5 10 15 20 25 30 35 40 45 5d

2theta (°)

Figure 4.21: Experimental and simulated PXRD patterns of TFA-DMAP salt.
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Figure 4.22: Experimental and simulated PXRD patterns of NPX-4AP salt.
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Figure 4.23: Experimental and simulated PXRD patterns of NPX-2AP salt.
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4.3.5 Structural comparison of molecular salts

The crystal packing in salt hydrate of MFA-4AP and TFA-4AP were found to
isostructural with similar bond lengths and bond angles. These salt hydrates were
exhibited 1:1 molecular stoichiometry in the crystal lattice and the acid---pyridine
interactions were mediated by a water molecule. In both the salt hydrates stacking
interaction between 4AP and the respective APIs were observed. The isostructurality
of both the salts is compared using the isostructural index. The similarity index of the
unit cell parameter is based on the equation i, where

n=(@atb+c)/(@+b+c))-1,fora+b+c>a +b' +c’
Where, a, b, c and a, b, ¢’ are the orthogonal lattices parameters of the respective
molecular salts. The values obtained from the above equation is found to be close to
zero indicating the isostructurality of molecules.
Another criterion for comparing isostructurality was given by Rutherford by defining a
new parameter €, where
€= (V' /V)¥3 -1, such that V>V

Where V and V' are the volumes of the unit cell corresponding to the respective salts.
Isostructural parameter values i and € for the molecular salts are shown in Table 4.5.

The molecular salt hydrate of MFA-DMAP and TFA-DMAP were found to be
isostructural. Unit cell length and cell angles of both the salts are found to have a close
resemblance. Molecular salts were crystallized in triclinic crystal system with space
group P1. Charge assisted acid---pyridine heterosynthon observed in both cases unlike
in 4AP salts of MFA and TFA, where molecules interacted through a water molecule.
In MFA-DMAP both the methyl group associated with DMAP forms a hydrogen bond
with the carboxyl group of MFA via C-H--O and C-H:--C hydrogen bond whereas in
TFA-DMAP, only one methyl group of DMAP molecule was found to form a hydrogen
bond with TFA molecule. Isostructurality index m and € are found to be close to zero
indicating the close resemblance in crystal packing.
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Table 4.5: Isostructural parameters of molecular salts.

Molecular salts Parameter
1 &
MFA-4AP and TFA-4AP 0.00596 0.00330
MFA-DMAP and TFA-DMAP 0.001776 0.00081

4.3.6 Conformational analysis of molecular salts

Owing to the influence of steric effect, hydrogen bonding and the packing of
molecules in the solid state, molecules can take different orientations or conformations.
These conformational changes of molecules (drug molecules) can impact the physical
properties such as solubility, stability and thermal behavior. In the molecular salts of
three different APIs, conventional acid---acid homosynthon was replaced by charge
assisted acid---pyridine heterosynthon. In the case of MFA salts, molecule takes two
different conformations for 4AP and DMAP salts. Due to the presence of two methyl
group in DMAP molecule, the conformation of MFA was twisted at C-N-C bond angle.
In TFA salts as well, the different conformations of TFA molecule were observed in
TFA-4AP and TFA-DMAP salts. Conformational changes observed for NPX API as
well, in NPX-4AP salt, due to the presence of water molecule, crystal structure follows
R33(9) graph set. However, in anhydrous NPX-2AP, crystal structure follows R2%(8)
ring motifs (Figure 4.24) (torsion angles for all the salts are displayed in Table 4.6).

a) E ; b) C)
Figure 4.24: Overlay of three different APIs (a-MFA, b-TFA and c-NPX) extracted

from the crystal structure of binary solids. Blue=MFA-4AP, TFA-4AP and NPX-4AP
and Red=MFA-DMAP, TFA-DMAP and NPX-2AP.
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Table 4.6: Torsion angle of APIs in molecular salts.

) SCH3 HO._16__O | SCH HO_16__O 4 .
14 o H 1 14 ’ o4 !
N < NS 2l a0 ) N_g A 11 13 N2 O
S LI ee
12 4 1 13 s 3| NGNS 6 0
12 4 15 ? 7
MFA salts TFA salts NPX salts
71N7-C8-C9-C15 71N7-C8-C9-C15 71C14-C5-C3-C4
72 C6-N7-C8-C13 72 C6-N7-C8-C13 72 C4-C3-C5-C6
73C1-C6-N7-C13 73C1-C6-N7-C13 7301-C2-C3-C4
74 C8-C9-C10-C14 74 C8-C9-C10-Cl14 74 C7-C6-C5-C4
75 C1-C6-N7-C15 75 C1-C6-N7-C15 75 C7-C6-C5-C3
Molecular T1 2 T3 T4 T5
ComponentS
MFA-4AP 2.24 -93.16 -144 .84 178.61 114.25
MFA-DMAP 1.47 -104.53 135.76 179.38 -128.28
TFA-4AP -35.18 -89.08 147.16 -177.77 -118.61
TFA-DMAP 0.39 -105.74 134.08 -179.54 -129.96
NPX-4AP -92.52 85.97 -15.10 -142.67 179.52
NPX-2AP -103.81 73.69 -158.11 -144.17 -178.32

4.3.7 DSC analysis

DSC analysis was performed to analyze the thermal stability and to determine
the melting point of synthesized molecular salts. Any changes in the melting point of a
compound is an indicative of the formation of new crystalline phase. The melting point
of starting materials and the molecular salts are displayed in Table 4.7. All the
synthesized molecular salts exhibited different melting points when compared to their
respective starting materials. All the salts melt at a lower temperature compared to
starting material is probably due to the presence of water molecule in the salts. 4AP salt
of MFA was found to have three different endothermic peaks. This is perhaps due to
the phase transformation of molecular crystal, and it further substantiates the possibility
of polymorphism in this molecular salt. 4AP salt of TFA and NPX is found to have
single endothermic peak indicating the thermal stability of the salts. DMAP salt of MFA

and TFA found to exhibit two endothermic peaks where initial endothermic peak
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corresponds to the release of the water molecule and then follows the melting of
molecular salt. Due to the isostructurality, DSC thermogram was found to be similar

for the isostructural molecular salts (DSC plot is displayed in Figure 4.25-4.27).

Table 4.7: Melting points of APIs, salt former and the molecular salts.

API (°C) Salt former (°C) Molecular salt (°C)
MFA (235.52) 4AP (164.43) MFA-4AP (124.46)
DMAP (117.64) MFA-DMAP (165.03)
TFA (221.45) 2AP (52.63) TFA-4AP (102.08)
TFA-DMAP (158.90)
NPX (161.04) NPX-4AP (110.93)
NPX-2AP (96.02 & 106.60)
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™ ——
=
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Figure 4.25: Comparison of DSC plots of MFA salts with respect to starting materials.
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Figure 4.26: Comparison of DSC plots of TFA salts with respect to starting materials.
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Figure 4.27: Comparison of DSC plots of NPX salts with respect to starting materials.

4.3.8 Stability study of molecular salts
Hygroscopicity and long-term stability
Hygroscopicity and long-term stability of 4AP salts of MFA, TFA and NPX

have been carried out. The hygroscopicity study was done at accelerated humid
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condition (~75% RH) by conventional weight loss method, wherein a known quantity
of sample was kept in a desiccator in which relative humidity of ~75% RH was
maintained by saturated sodium chloride solution. Weight sample under
experimentation was monitored regularly for a period of seven days in order to measure
the hygroscopicity. For the experiment, weight was monitored regularly and then phase
purity was finally confirmed by PXRD analysis. It was found that further hydration of
these molecular salts was not observed under these experimental conditions (Figure
4.28).

Long-term stability of these molecular salt was performed at ambient condition
for a period of six months. For the experimentation, a known quantity of the sample
was kept at room temperature for a period of six months, phase purity of the sample
was monitored by PXRD analysis at the end of the experiment. It was found that all the
three molecular salts were found to be stable for about six months at room temperature

(Figure 4.29).
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Figure 4.28: Comparison of PXRD patterns of molecular salts of initial and moisture
exposed samples: a) MFA-4AP, b) TFA-4AP, and ¢) TFA-4AP. “H” represents the

PXRD pattern of moisture exposed samples.
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Fig 4.29: Comparison of PXRD patterns correspond to molecular salts recorded at

